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A.  SUMMARY 


Work  Is  continuing  on  the  cobalt-antimony  system  in  an  effort  to 
develop  a  matching  "p"  and  "n"  material.  Thermoelectric  property  measure¬ 
ments  are  being  extended  to  higher  temperature  for  the  "n"  material,  and 
mechanical  property  measurements  are  being  made.  Material  having  "p"  type 
thermoelectric  properties  over  a  broad  temperature  range  has  been  made,  but 
the  properties  are  not  optimum.  Most  of  the  contaminents ,  present  as  resid¬ 
uals  in  the  raw  materials,  and  those  with  which  the  alloy  may  come  into 
contact  during  processing,  such  as  O2  and  have  been  determined  to  be  "n" 
type  dopes.  The  "p"  doping  characteristics  of  Fe  and  Sn  have  been  establish¬ 
ed. 

Thermal  cycling  tests  have  been  run  to  provide  further  data  on  the 
effects  of  chemistry  and  processing  on  the  thermal  cracking  of  GeBiTe.  Eval¬ 
uation  was  made  in  terms  of  change  in  resistance  and  microstructure. 

Three  Reports  are  appended. 

Environmental  Suit  Generator  describes  the  design,  construction,  and  testing 
of  a  thermoelectric  heating  and  ventilating  unit  developed  for  the  U.  S.  Army, 
Contract  No.  DA- 19 -129 -QM- 1981  (01  6069).  It  is  appended  with  the  permission 
of  Mr .  L.  A.  Spano  of  the  U.  S.  Army,  Natick  Laboratories. 

Determination  of  the  Figure  of  Merit  of  Thermoelectric  Materials  discusses 
methods  for  measuring  thermoelectric  properties  and  the  errors  and  accuracies 
of  each. 

The  Thermal  Conductivity  of  Molten  CU2S  23^^  7  Molten  CU2S  presents  a  review 
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of  the  method  and  the  results  of  measurements  for  these  two  liquid  materials. 
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B.  MATERIAL  DEVELOPMENT 


Co-Sb  Alloy  Development 

In  the  program  to  develop  a  matching  "p"  type  alloy  in  the  CoSb^ 
system,  a  series  of  alloys  have  been  made  in  which  selected  doping  elements 
were  added  for  a  portion  of  the  Sb  according  to  the  relationship  CoSb^  x^x* 

The  processing  method  used  to  make  these  alloys  was  to  induction 
melt  in  a  graphite  crucible  under  a  protective  atmosphere  of  argon.  The 
molten  charge  was  cast  into  a  water  cooled,  graphite  coated  copper  mold. 

Each  cast  ingot  was  sealed  in  an  evacuated  vycor  tube  for  annealing.  Anneal¬ 
ing  was  done  at  700 *C  for  times  varying  from  17  to  65  hours.  Raw  materials 
consisted  of  commercial  grade  Co  briquettes,  99.91  pure  (major  impurity  -  0.24% 
Ni)  ,  and  99.99%  pure  Sb.  Each  doping  addition  was  used  in  its  most  readily 
available  form.  After  aging,  ingots  were  crushed  to  minus  60  mesh  powder  in 
a  steel  mortar  and  pestle.  Pellets  were  cold  pressed  at  35  TSl  in  a  carbide 
lined  steel  die,  then  subsequently  hot  worked  at  700°C  and  5000  psl  in  a 
graphite  die  under  an  argon  atmosphere. 

Room  temperature  and  broad  temperature  range  thermoelectric  properties 
of  these  alloys  are  shown  in  Table  1.  Except  for  magnesium,  none  of  the  addition 
elements  resulted  in  a  positive  Seebeck  under  these  processing  conditions. 

The  Russian  literature*  has  reported  "p"  type  cobalt  antlmonldc  using 
Fe  and  Sn  doping  additions  according  to  the  relationship  Co^  ^Fe^Sb^  and 
CoSb^_^Sn^.  A  series  of  heats  were  made  by  the  procedure  outlined  previously  in 

•k 

Investigation  of  the  Thermoelectric  Properties  of  CoSb3  with  Sn,  Te,  and  Ni 
Impurities .  B.  N.  Zobrina,  L.  D.  Dudkin,  A.  A.  Baikov,  Metallurgical  Institute, 
Academy  of  Sciences,  U.  S.  S.  R.,  Moscow,  Dec.  1959. 
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an  attempt  to  duplicate  the  results.  Also,  some  combined  additions  of  Sn 
and  Fe  were  tried.  The  results,  shown  in  Table  2,  verify  that  Fe  and  Sn 
are  "p"  type  dopants.  It  was  also  reported  by  the  Russians  that  N1  is  an 
"n"  type  dope  in  these  alloys.  As  was  previously  stated,  the  Co  used  for 
these  experiements  contained  a  major  impurity  of  Nl. 

Work  at  Battelle  Memorial  Institute  has  resulted  in  "p"  type  CoSb^. 
The  technique  was  to  use  spectographic  grade  Co  and  to  prevent  oxygen  conta¬ 
mination  on  the  basis  that  O2  would  be  an  "n"  type  dope.  To  prevent  O2 
contamination,  the  spectographic  grade  Co  powder  was  outgassed  at  red  heat 
under  a  vacuum  of  10*^  mm  Hg.  The  outgassed  cobalt  with  the  Sb  was  sealed 
under  vacuum  in  a  glass  tube  for  melting.  Both  cast  and  hot  pressed  pellets 
were  evaluated  and  proved  to  be  strongly  "p"  type,  with  Seebeck  coefficients 
of  +210  and  +195  respectively  at  room  temperature. 

In  an  attempt  to  deoxidize  the  cobalt,  a  heat  was  made  under  an 
hydrogen  atmosphere.  This  heat  proved  to  be  very  strong  "n"  type 
(oc  ■  -400/».V/'’C)  ,  indicating  possibly  that  hydrogen  is  a  strong  "n"  dope. 

To  avoid  the  atmosphere  problem  in  the  Balzars,  all  subsequent  heats 

of  CoSb^  alloys  have  been  made  in  evacuated  Vycor  tubes.  For  the  next  series 

of  tube  heats,  the  Co  powder  was  reduced  at  IISS’C  in  flowing  hydrogen  for 

3  hours,  then  outgassed  at  1225 ”C  in  a  1  x  10~^  mm  Hg  vacuum  for  15  minutes. 

Likewise,  the  Sb  was  reduced  in  static  hydrogen  at  700 *C  for  3  hrs.  and  then 

.4 

outgassed  at  this  temperature  for  15  minutes  in  a  3  x  10  mm  Hg  vacuum. 

Each  loaded  Vycor  tube  was  evacuated  to  a  2  x  10  ^  mm  Hg  vacuum,  and  its  con¬ 
tents  outgassed  by  heating  with  a  torch  before  sealing.  At  1140*C  the  charge 
within  the  tube  was  completely  molten.  After  mechanically  agitating  Che  Cube 
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to  Insure  homogeneity  of  the  alloy,  it  was  air  quenched  from  this  temperature. 
Compositions  investigated  and  conditions  used  in  this  series  are  listed  in 
Table  3,  while  results  appear  in  Table  4. 

Each  variation  in  the  pretreatment  of  the  materials  is  clearly 
reflected  in  the  properties  of  the  first  three  alloys.  The  changes  in  the 
Seebeck  coefficient  and  resistivity  are  attributed  to  the  presence  of  oxygen 
and/or  sulfur  from  the  untreated  Sb  (Alloy  400*2)  and  of  hydrogen  from  the 
Co  (Alloy  400-3)  since  it  was  not  outgassed  after  the  reduction.  Neither 
an  excess  nor  a  deficiency  of  one  atomic  percent  Sb  (Alloys  400-4  and  400-5 
respectively)  enhanced  the  properties  of  the  material.  The  CoSb2  ^^Sn 
composition  show  the  effect  of  Sn  doping.  In  this  case  the  material  is 
probably  overdoped.  The  large  iimenslonal  changes  during  annealing  are  due 
to  the  conversion  of  the  cast  structure  to  the  equilibrium  structure.  A 
corresponding  change  occurs  in  the  thermal  and  electrical  properties. 

In  order  to  fully  evaluate  the  effects  of  doping,  a  series  composit¬ 
ions  utilizing  Sn  and  Fe  as  dopants  are  currently  being  prepared  in  Vycor 
tubing.  Other  types  of  doping  will  also  be  employed  with  special  emphasis 
upon  lowering  the  rather  high  thermal  conductivity. 

Seebeck  and  resistivity  versus  temperature  measurements  have  been 
made  for  a  series  of  "n"  type  Co-3b  Te-Se  alloys.  Results  are  plotted  in 
Figure  1.  Room  temperature  thermal  conductivities  of  the  alloys  were  measured 
and  are  as  follows: 


CoSb 

CoSb 

CoSb 


Alloy 


2.85’^*.03®*.l 

2.8^*.!®*. 1 


2.7^*.03®*.27 


K,  W/cm-“C 
Room  Temp. 

0.037 

0.027 

0.035 
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.034 

0.027 

Thermal  expansion  has  also  been  sieasured  and  is  10  x  10~^ 
CoSb^  gTe  ^Se  ^  alloy  from  room  temperature  to  600*C.  In 
range,  thermal  expansion  Is  a  straight  line  function,  and 
cooling  hysteresis  Indicates  that  the  alloy  is  stable. 
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TABLE  3 


Alloy  No. 

Formula 

Conditions 

400-1 

CoSb^ 

H2  reduced,  vacuum  outgassed  Co  and  Sb. 

400-2 

CoSb^ 

H2  reduced, vacuum  outgassed  Co  and  untreated  Sb. 

400-3 

CoSbj 

H2  reduced  Co  and  H2  reduced,  vacuum  outgassed  Sb. 

400-4 

H2  reduced,  vacuum  outgassed  Co  and  Sb. 

400-5 

cosba  56 

H2  reduced,  vacuum  outgassed  Co  and  Sb. 

400-6 

‘^°®'’2.95®".05 

H2  reduced, vacuum  outgassed  Co  and  Sb.  H2  reduced  Sn. 

B-7 

I 

I 


B-8 


Temperature,  ®K 


Fig.  1-Seebeck  and  resistivity  of  cobalt  antimony  tellurium 
selenium  alloys 


Ge-Bl-Te  Evaluation 


As  «  part  of  tha  program  to  Improve  the  life -performance  properties 
of  materials,  thermal  cycling  teats  are  being  run  on  GeBlTe  with  variations 
In  chemistry  and  processing.  In  the  following  section,  results  for  two  com¬ 
positions,  Ge  ^^Bl  and  Ge  ^^Bl  Q^Te,  for  which  the  time  and  teisperature 

of  sintering  were  varied,  are  presented. 

Cyclic  testing  consisted  of  heating  one  end  of  a  1/2  Inch  diameter 
X  1/2  Inch  long  pellet  to  establlah  a  4S0*C-100*C  temperature  gradient  along 
the  pellet,  and  then  cooling  to  a  "no  gradient"  condition.  Heating  and  cool¬ 
ing  rates  were  such  as  to  provide  one  cycle  per  hour  Including  15  minutes  at 
temperature.  Testing  was  done  In  an  argon  atmosphere. 

Perfonsance  In  cycling  was  evaluated  by  measuring  both  room  temper¬ 
ature  and  broad  temperature  range  Seebeck  and  resistivity,  and  by  micro 
examination.  Because  of  the  possibility  of  reaction  from  the  liquid  contact¬ 
ing  alloy  used  foroc  and  p  measurements,  control  pellets  were  used  for  the 
"before"  measurements.  Between -pel let  property  variations  for  the  same  heat 
processed  In  the  same  manner  are  normally  of  the  order  of  5  percent.  Com¬ 
positions,  heat  numbers,  and  sintering  treatments  for  this  test  run  are 
given  In  Table  1. 

Table  2  gives  the  broad  temperature  range  property  results  for  the 
cycling  tests.  The  table  haa  been  arranged  in  order  of  increaolng  sintering 
temperature.  Perhaps  the  most  significant  Indication  is  that  essentially 
all  of  the  samples  showed  an  Increase  In  resistence.  The  percent  change 
shown  In  Table  2  may  be  more  or  leas  by  an  amount  equivalent  to  the  between- 
pellet  variation  of  the  control  and  test  sample.  There  does  not  appear  to 
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be  any  trend  of  increased  cycle  resistance  with  increasing  sintering  temperature 
in  the  resistance  measurements.  There  is  considerable  between-heat  variation. 
Heat  3365  has  an  average  percent  change  four  times  greater  than  the  other  three 
heats.  There  is  a  clear  indication  that  raising  the  final  sintering  temperature 
lowers  the  Seebeck  and  the  resistivity  within  a  heat.  Other  work*  has  shown 
that  raising  the  sintering  temperature  raises  the  strength  and  modulus. 

Microstructure  examinations  showed  that  thermal  cycling  caused  cracks 
to  form  in  all  of  these  samples.  Figures  1  and  2  show  the  before  and  after 
microstructure  of  Heat  3365  (Ge  ^^Bl  q^Ts)  and  Heat  3418  (Ge  ^^Bl  03*^*)  •  Both 
samples  are  the  685*C  sinter  condition.  There  was  a  tendency  for  the  samples 
with  higher  sintering  temperatures  to  be  less  severely  cracked,  indicating  a 
possible  improvement  of  thermal  cycling  resistance  by  additional  modification 
of  processing  treatments. 

The  phase  change  in  GeBiTe  complicates  any  evaluation  of  resistance 
change  with  time.  Each  phase  has  a  different  resistance,  and  the  resistance 
of  a  pellet  will  be  dependent  on  the  proportions  of  the  phases  present.  The 
proportions  of  the  phases  are  in  turn  dependent  on  the  recent  time-temperature 
conditions  to  which  the  pellets  has  been  subjected.  To  lessen  this  effect  for 
these  tests,  the  cycled  samples  were  annealed  at  350 *C  (above  the  phase  change) 
and  fast  cooled  after  the  thermal  cycle  tests.  This  condition  corresponds  to 
the  "as  processed"  condition. 

Work  towards  improving  the  thermal  cycle  resistance  of  GeBiTe,  is 
continuing.  Preliminary  results  indicate  improvement  from  higher  temperature 
sintering  and  change  in  particle  size. 

*Module  Improvement  Program.  Final  Report,  October  1962 
NObs  84329 
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SUHMMIY  OF  CYCUNG  TESTS  ON  GeBiTe 


-1/2  hr.  «t  600 ‘C,  H,  +  1/2  hr.  at  685 'C 


BROAD  TEKPERATURE  RAWGE  PROPERTIES  OF  450*0-100*0  THERMAL  CYCLED  GeBlTe 
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Neg.  No.  41552  Mag.  100  X 

Heat  3365,  Ge  Bi  Te  Sintered  at  685“C 

Control  sample 


Neg.  41553  Mag.  100  X 

Heat  3365,  Ge  Bi  Sintered  at  685*C 

After  100  thermal  cycles,  450"C-100“C 

Figure  1 
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Neg.  No.  41561  100  X 

Heat  3418,  Ge  Bi  Te,  Sintered  at  685°C 


I 
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Neg.  No.  41559  100  X 

Heat  3418,  Ge  Bi  qj  Te,  Sintered  685“C 

After  100  Thermal  cycle  450-100“C 

Figure  2 
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The  following  section  describes  the  design,  construction,  and 
preliminary  testing  of  a  thermoelectric  heating  and  ventilating  unit  built 
in  partial  fulfillment  of  Contract  DA  19-129-QM-1981  (01  6069)  for  the 
United  States  Army.  Acknowledgement  for  permission  to  append  this  report 
is  due  Mr.  L.  A.  Spano,  Head,  Advanced  Projects,  Clothing  and  Organic 
Materials  Division,  U.  S.  Army,  Matick  Laboratories,  and  Mr.  W.  D.  Pouchot, 
Advisory  Engineer  responsible  for  the  project  at  Westlnghouse  Central  Lab¬ 
oratories  . 

The  purpose  for  appending  this  report  is  twofold:  the  thermo¬ 
electric  material  and  couple  technology  that  made  design  and  construction 
of  this  unit  possible  is  a  result  of  the  program  jointly  sponored  by  the 
United  States  Navy,  Bureau  of  Ships,  and  Westlnghouse  Electric  Corporation, 
and  the  development  of  this  unit  proves  another  practical  application  for 
thermoelectricity . 
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Introduction 


An  engineering  model  of  e  thermoelectric  heetlng  end  ventilating 
unit  has  been  fabricated,  subjected  to  limited  performance  tests,  and  de¬ 
livered  to  the  U.  S.  Arav,  Natick  Laboratories  under  Phase  1  of  Contract 
DA  19-129-QH-1981  (Ol  6069) .  The  prime  purpose  of  such  a  unit  Is  to  pro¬ 
vide  a  flow  of  air  to  be  used  In  heating  or  ventilating  a  combat  clothing 
ensemble  to  keep  troops  In  thermal  balance  when  operating  In  extreme  environ¬ 
ments,  and  when  exposed  to  enemy  Imposed  hazards. 

In  the  recently  delivered  unit  this  flow  of  air  Is  provided  by  a 
centrifugal  blower  driven  by  a  d.c.  motor.  The  electric  power  for  the  motor 
la  obtained  from  a  thermoelectric  generator  operated  on  propane  fuel.  Heat¬ 
ing  of  the  flow  of  air  for  the  suit,  when  desired,  is  obtained  by  utilizing 
the  waste  heat  from  the  generator. 

The  engineering  objectives  for  this  Phase  I  model  were  to  be  within 
201  of  the  following  levels  of  performance: 

(1)  Continuous  operation  at  maximum  output  without  refueling  - 
not  less  than  eight  (8)  hours. 

(2)  Weight  limitation  for  complete  unit,  fully  fueled  -  not  more 
than  thirteen  (13)  pounds. 

(3)  Usable  output  to  the  combat  clothing  Is  to  be  no  less  than 
12  CFM  of  air  at  STP  and  at  4"  H^O  positive  static  pressure. 

In  addition  to  fulfilling  its  prime  function  of  an  air  supply,  the 
unit  may  be  used  as  an  independent  source  of  energy  for  equipment  using  a 
modest  amount  of  electrical  power  (20. watts)  by  switching  off  the  suit  blower 
motor  and  attaching  auxiliary  power  leads  to  terminals  provided.  Direct 
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connection  to  the  generator  gives  10  volt  d.c.  110  volt  a.c.  may  be  obtained 
by  using  an  Inverter.  A  15  wett  Inverter  was  supplied  with  the  unit. 

The  unit  might  also  be  used  as  a  single  burner  'cook'  stove  with  e 
slight  modification. 

Description  of  Unit 

A  plan  view  layout  of  the  unit  Is  shown  In  Figure  I .  Looking  at 
this  view,  combustion  air  and  cooling  air  for  the  generator  enters  the  gen¬ 
erator  blower.  From  this  blower  the  air  flows  Into  a  plenum  at  the  left 
hand  end  of  the  generator.  All  but  1  CFM  of  this  air  flows  through  the  heat 
exchanger  on  the  cold  side  of  the  thermocouples  to  the  right  hand  side  of 
the  generator  where  it  either  Is  exhausted  to  ambient  or  Is  partially  deflect¬ 
ed  by  a  grid  valve  Into  a  duct  leading  to  the  filter  case  and  thence  into  the 
Inlet  of  the  suit  blower.  Under  normal  operating  conditions  this  air  leaving 
the  generator  Is  about  100*C,  (212*F)  so  that  even  when  heating  Is  desired, 
ambient  air  must  be  mixed  with  it  to  bring  it  to  a  temperature  suitable  for 
humane.  The  mix  of  heated  and  ambient  air  Is  controlled  by  a  flipper  valve 
shown  at  the  lower  right  of  the  plan  view  acting  in  unison  with  the  grid  valve. 
These  two  valves  are  turned  by  means  of  the  control  knob  adjacent  to  the  flipper 
valve.  In  this  figure  ambient  air  is  called  ventilating  air.  The  heated  and 
ambient  air  mix  In  the  filter  case  and  are  drawn  Into  and  through  the  suit 
blower  conditioned  for  entrance  Into  a  suit. 

One  CFM  of  generator  air  Is  used  as  combustion  air.  This  air  is  dlract 
cd  around  the  unit  from  left  to  right  and  enters  s  hollow  bullet  mounted  on  the 
center  line  of  the  unit.  The  fuel  also  enters  at  this  location.  The  fuel  and 
coiid>ustlon  air  flow  to  tha  left  hand  end  of  the  unit  where  they  mix  In  a  bunsen 
type  aspirator.  Tha  mixture  then  exhausts  into  the  annular  space  between  the 
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central  bullet  end  core  through  e  screen  which  sets  es  a  f lemeholder .  The 
conbustlon  products  flow  beck  through  the  snnuler  space  end  ere  exhausted 
to  atBwsphere  on  the  right  hand  end  of  the  generator.  The  anount  of  com¬ 
bustion  air  is  controlled  by  orifices  at  the  inlet  of  the  combustion  air 
by-pass  tube.  The  fuel  flow  is  controlled  by  the  fuel  pressure  regulator 
at  the  lower  right  hand  side  of  the  unit. 

The  actual  physical  appearance  of  the  unit  is  shown  in  the  photo¬ 
graphs  of  Figures  2,  3,  4,  and  S.  Figure  2  is  a  back  view  of  the  unit  and 
corresponds  to  the  plan  view  of  Figure  1.  The  cover  of  the  filter  box  has 
been  reswved  to  show  the  suit  blower  motor  and  underneath  it,  the  inlet  to 
the  blower.  The  blower  itself  is  not  visible  as  it  lies  back  of  the  filter 
case.  Also  visible  in  the  filter  case  are  two  switches  controlling  the 
generator  and  blower  motor  electrical  circuitry. 

Figure  3  corresponds  to  the  right  elevation  view  of  Figure  1.  Pro¬ 
minently  displayed  in  this  view  ere  the  grid  valve,  the  sir  adjustment  knob 
and  linkage  between  the  two.  Also  visible  is  the  combustion  air  tube,  fuel 
tube  and  the  combustion  products  exhaust.  The  adjustment  lug  on  the  fuel 
pressure  regulator  and  electrical  leads  from  the  generator  can  also  be  seen. 
The  sleeve  with  knob  over  the  combustion  eir  tube  covers  a  slot  which  is 
open  during  starting  of  the  unit. 

Figure  4  corresponds  to  the  left  elevetion  view  of  Figure  1.  A 
part  of  the  scroll  of  the  suit  blower  can  be  seen  under  the  black  casing  of 
the  generator  blower.  The  wires  coming  from  the  generetor  are  for  teBq>erature 
measureswnt  of  the  hot  side  core. 
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FIGURE  2.  Backvlew,  Heating,  and  Ventilating  Unit 


FIGURE  3.  Right  Side  \fiew.  Heating  and  Ventilating  Unit 
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FIGURE  4.  Left  Side  View,  Heating  and  Ventilating  Unit 
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Figure  5  corrceponds  to  the  bottom  elevation  view  of  Figure  1  and 
Is  the  bottom  of  the  unit  as  mounted  on  a  man's  back.  Visible  on  the  right 
hand  side  Is  the  fuel  pressure  regulator  and  the  Inlet  for  the  ventilating 
air.  The  fuel  line  from  the  fuel  tanks  Is  attached  at  the  elbow  visible  In 
front  of  the  pressure  regulator.  Moving  to  the  left  the  switches  which  turn 
the  generator  power  (Gen)  and  suit  blower  (Fan)  off  and  on  are  visible.  Just 
above  these  switches  Is  a  terminal  board  covered  by  a  small  housing.  Two 
auxiliary  power  takeoffs  are  available  In  this  terminal  box  with  the  cover 
removed.  At  the  far  left  Is  the  exit  of  the  suit  blower  and  the  entrance  to 
the  generator  blower.  The  suit  blower  exit  Is  covered  with  an  orifice  plate 
which  would  be  removed  for  actual  operation  with  a  suit. 

The  dimensions  of  the  unit^  exclusive  of  the  rings  for  mounting  to 
the  suit  harness  but  Including  protruding  knobs  and  fuel  tube,  are  10-1/2"  x 
10-1/2"  x  5".  The  weight  of  the  unit  without  fuel  supply  is  10.35  pounds. 

The  weight  of  the  system  Including  two  propane  torch  bottles  with  approximately 
7-I/2  hour  fuel  supply,  flex  hose,  and  valves  for  belt  mounting  of  the  fuel 
bottles  Is  15.21  pounds. 

Operating  the  Unit 
a.  Startup 

This  unit  has  been  supplied  with  a  flexible  fuel  line  with  two  pro¬ 
pane  torch  bottle  valves  attached.  After  making  sure  that  the  valves  are 
closed  and  that  the  flex  line  connection  to  the  unit  is  tight,  screw  a  pro¬ 
pane  torch  bottle  into  each  valve.  Then 

(1)  Open  the  grid  valve  (Fig.  3)  by  turning  the  hot  air  control 
knob  (Fig.  3)  as  far  as  it  will  go  In  a  clockwise  direction 


C-10 


with  aodarate  hand  praaaura. 

(2)  Turn  gancrator  switch  (Gan.,  Fig.  5)  to  'on'  and  turn  fan 
■witch  (Fan,  Fig.  5)  and  convartar  switch,  If  suppliad,  to 
'off. 

(3)  Uncovar  slot  in  combustion  air  tubs  by  sliding  tha  slaeve 
ovar  this  tuba  upwards  (Fig.  3) . 

(4)  Opan  fuel  valvas,  cooplataly.  Insart  lightsd  match  in  front 
of  burnar  axhaust  (Fig.  3).  A  weak  flasM  will  flash  back  into 
tha  burnar. 

(5)  Vfhan  tha  generator  blower  (Fig.  5)  starts  to  turn  over  (approx¬ 
imately  1  minute)  close  the  air  slot  in  the  combustion  air  tube 
by  sliding  tha  sleeve  downwards  until  tha  slot  is  covered. 

(6)  Wait  5  minutes  more  by  tha  clock.  Turn  fan  switch  (Fan,  Fig.  5) 
to  'on'  if  suit  air  is  desired  or  alternately  turn  on  converter 
■witch  if  auxiliary  power  (15  watts)  Is  desired. 

(7)  Suit  air  may  be  heated  by  rotating  the  hot  air  control  knob  in 
a  counterclockwise  direction.  An  adjustswnt  of  the  temperature 
of  the  air  coming  from  the  unit's  suit  fan  should  be  made  before 
attaching  to  the  suit  otherwise  an  unpleasantly  hot  or  cold 
'■bower'  may  result. 

NOTE;  The  thermal  response  of  this  unit  to  changes  in  control  know  position 
will  be  slow.  Several  odnutas  should  be  allowed  after  a  change  in 
position  to  make  sure  the  unit  has  come  to  a  new  equilibrium  temperature. 
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b .  Shutdown 


(1)  Disconnect  the  unit  from  the  suit  leeving  the  fult  fen  running. 

(2)  Turn  off  the  fuel  valves  cosipletely. 

(3)  Welt  1  sdnute.  Turn  suit  fen  switch  (Fen,  Fig.  5)  to  'off. 

(4)  When  generator  fen  has  cant  to  a  stop  (about  5  minutes  more) , 
the  unit  may  be  stored  in  a  clean  dry  location. 

Component  Discrlptions 

a .  Generator  Detal Is 

The  basic  component  of  the  generator  is,  of  course,  the  thermocouple. 
Figure  6  shows  several  individual  couples  and  a  suxlule  of  8.  The  generator 
contains  20  of  these  8  couple  modules  or  a  total  of  160  couples.  The  entire 
160  couples  are  connected  in  series. 

Looking  at  the  individual  couples,  the  left  hand  couple  gives  a  view 
from  the  hot  side  of  the  generator.  The  center  couple  is  a  side  view  and  the 
right  hand  couple  shows  a  view  from  the  cold  side  of  the  generator.-  The  hot 
strap  and  the  two  cold  side  caps  are  of  1/32"  thick  Armco  Iron.  The  dimensions 
of  the  hot  side  strap  are  1/4"  x  5/8".  The  dimensions  of  the  cold  caps  are 
5/16"  X  3/8".  The  thermoelectric  legs  are  3/16"  dia.  x  1/4"  long.  The 
leg  is  a  95X  GeTe  -  5Z  Bi2Te  pressed  and  sintered  material.  The  'M'  leg  is 
a  Bi  doped  PbTe  pressed  and  sintered  material.  These  legs  are  positioned  on 
the  hot  strap  on  3/8"  centers.  The  'F*  leg  is  joined  to  the  strap  and  its  cap 
by  a  furnace  brass  at  680 *C  in  hydrogen,  nitrogen,  and  argon  using  Nlcrobraxe 
as  the  Joining  alloy.  The  'M'  leg  is  joined  to  the  strap  and  its  cap  by  a 
furnace  braze  in  nitrogen  at  725 *C  using  a  gold -zinc  alloy.  Graphite  fixtures 
are  used  to  hold  the  pieces  during  brazing.  The  legs  of  the  couples  are  coat- 
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ed  with  Sicon  Aluminum  paint  Co  increase  resistance  to  atmospheric  attack. 

As  stated  previously  a  module  consists  of  8  couples.  The  couples 
are  connected  electrically  by  soldering  braided  wire  on  the  under  side  of 
Che  cold  side  caps.  These  wires  are  visible  in  Che  breaks  between  couples 
in  Fig.  6.  Insulation  around  and  between  Che  couples  is  provided  by  Johns- 
Hsnsville  Cerafelt.  For  external  handling  of  Che  module  during  assembly, 

Che  Cerafelt  was  basted  with  cotton  thread. 

The  modules  are  mounted  on  Che  flats  of  Che  central  core  shown 
in  Fig.  7.  This  is  a  picture  of  some  of  the  various  component  parts  of  Che 
generator.  The  central  core  is  Che  ten-sided  object  with  a  white  plasma 
sprayed  aluminum  oxide  coating.  Just  below  this  core  is  the  burner  assembly. 
Above  the  core  is  the  cold  side  heat  exchanger  and  to  the  right  and  left  of 
Che  heat  exchanger  are  Che  inlet  and  exit  plenums  respectively.  Above  the 
thermoelectric  module  are  two  typical  cold  side  thermocouple  followers  and 
springs  and  to  the  right  of  these  is  the  generator  blower-motor  assembly. 

To  the  left  is  a  fuel  pressure  regulator. 

A  better  idea  of  Che  actual  assembly  arrangement  can  be  obtained 
by  referring  back  to  Fig.  1.  As  can  be  seen  the  burner  is  mounted  Inside 
the  central  core  and  Che  thermocouples  are  pressed  against  this  core  by 
individual  followers  protruding  into  the  hollow  pins  of  the  cold  side  heat 
exchanger.  These  followers  are  under  spring  compression.  This  compression 
is  actually  provided  by  cotter-keys  as  shown  in  Fig.  2  rather  than  caps  as 
drawn  in  Fig.  1. 

The  heat  flow  path  is  from  the  burner  Co  the  core  to  the  thermo¬ 
couple  strap  through  Che  legs  and  followers  to  the  cold  side  heat  exchanger 
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pin*  and  cylindrical  fina  and  then  to  the  generator  cooling  air.  The  heat 
exchanger  is  positioned  relative  to  the  core  by  means  of  5  radial  pins  in¬ 
serted  through  5  of  the  hollow  pins,  located  in  the  center  of  the  generator 
lengthwise,  into  the  legs  visible  on  the  core  in  Fig.  7.  Electrical  insul¬ 
ation  along  this  path  is  provided  on  the  hot  side  of  the  thermocouples  by 
the  aluminum  oxide  layer  on  the  core  plus  a  2  nil  mica  layer  between  this 
layer  and  the  thermocouple  hot  strap.  On  the  cold  side  of  the  tbensocouple, 
electrical  insulation  is  provided  by  a  'hard  coat'  on  the  aluialnun  followers 
plus  silicone  grease  over  the  followers.  The  grease  also  reduces  the  slid¬ 
ing  friction  on  the  followers. 

The  main  effort  in  this  design  is  to  provide  minimum  restraint 
between  the  couples  and  related  parts  during  relative  therouil  expansion  of 
these  pieces  under  transient  operation  with  isolation  of  the  thermocouples 
from  external  loads  and  shocks.  This  is  mandatory  because  the  tensile 
strength  of  the  'P'  thermoelectric  material  is  less  than  400  psi  at  450*C 
and  its  resistance  to  mechanical  shock  is  low. 

The  burner  bullet  and  head  were  made  from  .018"  Inconel  sheet. 

The  burner  screen  is  24  mesh,  .011"  dia.  wire  of  25-20  stainless.  The 
fuel  tube  is  18-8  stainless.  The  core  was  machined  from  a  bar  of  Alcoa 
M-470  aluisinum  cooqiact  material  and  'hardcoated ' .  The  'hardcoat'  was  very 
porous.  Because  of  this  porosity  the  'hardcoat*  was  sand  blasted  off  and 
sprayed  aluminum  oxide  layer  substituted. 

The  thermocouple  followers  were  machined  from  24T6  aluminum  and 
hardcoated . 
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The  springe  were  made  from  bronze  wire  end  exert  a  pressure  of 
approximately  15  psi  on  each  thermocouple. 

The  cold  aide  heat  exchanger  parts  were  Joined  together  by  aluminum 
dip  brazing.  Prior  to  dip  brazing  the  pins  were  held  in  place  by  mechanically 
expanding  them  into  the  cylindrical  fins.  The  cylindrical  fins  and  flanges 
were  held  in  place  by  rivets.  The  pins  were  of  #24T6  aluminum  tube  initially 
solution  heat  treated  to  'TO*  for  ease  of  expanding  into  the  cylinders  and 
age-hardened  back  to  T6  after  dip  brazing  prior  to  final  machining.  The 
cylindrical  fins  were  from  .015"  tk  #22  aluminum  brazing  sheet  and  the  outer 
casing  from  .031"  tk  #21  aluminum  brazing  sheet.  The  flanges  were  of  #24T6 
aluminum. 

The  inlet  and  exit  plenums  to  the  generator  were  made  from  aluminum 
of  unknown  composition  and  riveted  and  soldered  together, 
b.  Other  Components 

The  generator  blower  is  a  Dean  and  Benson  Vaneaxlal  Model  HF3-1. 

This  blower  delivers  approximately  27  CFM  of  0.25"  H2O  static  pressure  when 
operated  at  9000  rpm. 

The  suit  blower  Is  a  backwardly  curved  centrifugal  developed  under 
U.  S.  Army  Contract  DA  19-129-QM-1572  and  designated  as  Westlnghouse  New 
Products  Lab  Model  MFMP  III.  This  blower  delivers  approximately  12  CFM  at 
4"  H^O  static  pressure  when  operated  at  13,000  rpm. 

Both  d.c.  sutors  are  of  the  permanent  magnet  type  and  manufactured 
by  Globe  Industries  Inc.  The  suit  blower  motor  is  their  Model  LL9  and  the 
generator  blower  motor  is  their  Model  M19.  Model  LL9  was  specified  to  provide 
11,300  -  500  rpm  at  9  volts  and  0.0125  shaft  HP  output.  Model  )tf9  was 
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sp«ci£l«d  to  provid*  9000  t  500  rpa  at  9  volts  and  0.0031  shaft  HP  output. 
Bacause  of  tha  way  tha  total  syatasi  watehas,  thay  oparata  at  10'''v  and  13,000 
rpa  and  9,000  rpai,  raspactivaly.  As  tha  ganarator  parfornanca  datarloratas 
with  oparatlng  tlsM  tha  voltaga  will  nwra  naarly  approach  tha  sntors  nosiinal 
of  9  volts. 

Tha  fual  prassura  ragulator  is  aada  by  Goss  Gas  and  has  Undar- 
wrltar's  Labs  approval.  It  is  nosdnally  sat  for  19  psi  gaga  fual  prassura. 

Tha  filtar  casa  is  constructad  of  l/l6"  thick  glass  rainf oread 
apoxy  plastic.  Tha  packboard  is  of  l/8"  thick  glass  reinforced  epoxy  plastic, 
c.  Conponent  Weights 

Fuel  System  5.74  lb. 


Generator 


Air  System 


Fual 

1.8 

lb. 

Fual  Bottles  (2) 

2,02 

lb. 

Valves  (2) 

.64 

lb. 

Pressure  Ragulator 

,88 

lb, 

Fual  Linas 

.60 

lb, 

Burner  Head 

.35 

lb. 

Burner  Bullet 

.57 

lb, 

Core  &  Pins 

.51 

lb 

t/E  Modules 

1.37 

lb 

Cold  Side  Heat  Exchanger 

\ 

2.20 

lb 

Ganarator  Blower 

.10 

lb 

Ganarator  Motor  .19  lb. 


5.00  lb. 


2,90  lb. 
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Air  System  Cont'd. 


Suit  Blower 

.33 

lb. 

Suit  Motor 

.32 

lb. 

Filter  Case 

.63 

lb. 

Inlet  &  Exit  Plenums 

.63 

lb. 

Air  Temp.  Adjustment 

.70 

lb. 

Packboard 

1.09  lb. 

External  Wiring 

.48  lb. 

Terminal  Blocks 

.14 

lb. 

Switches 

.19 

lb. 

Wires 

.15 

lb. 

TOTAL 

15.21  lb. 

Experimental  Work 

Experimental  changes  were  confined  to  the  generator  burner  system 
and  to  the  power  generator  thermocouples.  The  other  components  of  the  unit 
were  used  as  Initially  designed  and  fabricated, 
a.  Burner 

The  burner  was  tested  as  a  separate  piece  of  apparatus  by  substitut¬ 
ing  a  thin  stainless  steel  cylinder  in  place  of  the  aluminum  core  used  in  the 
final  assembly.  This  allowed  operation  of  the  burner  at  near  design  fuel  rates 
with  heat  transfer  away  from  the  simulated  core  by  natural  convection  and 
radiation  to  the  atsiosphere  alone.  Under  these  heat  transfer  conditions  the 
core  temperatures  can  and  did  go  higher  than  the  melting  point  of  aluminum. 
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On  initial  oparation  tha  burner  exhibited  a  high  pitch  screech. 
This  screech  was  eliminated  by  drilling  4  rows  of  8  equally  spaced  .056” 
diameter  holes  in  the  inner  bullet  Just  downstream  of  the  burner  head. 

These  holes  are  Just  barely  visible  as  black  spots  on  the  small  end  of  the 
bullet  in  Fig.  7. 

After  these  holes  were  introduced,  the  flame  would  sometimes  flash 
back  through  the  flameholder  screen  to  the  fuel  port  after  5  or  10  minutes 
of  operation.  Narrowing  the  annular  gap  covered  by  this  flameholder  screen 
by  1/32"  and  moving  the  fuel  nozzle  1/8”  towards  the  burner  head  eliminated 
this  problem.  That  is  it  eliminated  it  providing  the  flameholder  screen  was 
firmly  attached  to  the  burner  head  so  that  no  air  could  escape  around  this 
screen.  Upon  two  occasions,  spot  welds  holding  this  screen  to  the  burner 
head  pulled  loose  and  flashback  resulted.  The  screen  was  then  arc>welded 
to  the  head  and  no  further  trouble  of  this  sort  has  been  experienced. 

Much  of  the  effort  on  the  burner  went  towards  smoothing  out  the 
heat  transfer  rates  along  the  core.  During  this  series  of  tests  core  tem¬ 
peratures  were  measured  at  5  or  6  axial  locations  along  the  core  and  con¬ 
verted  to  heat  flux  rates  assuming  that  substantially  all  the  beat  was  lost 
by  radiation  with  a  core  emittance  of  0.8.  Fuel  flow  to  the  burner  was 
measured  by  measuring  the  time  interval  necessary  to  reduce  fuel  tank  weight 
by  a  set  amount,  usually  30  gm.  Air  flow  was  not  measured  because  accurate 
simple  instrumentation  Interfered  too  much  with  the  burner  flow.  It  was 
estimated  roughly  on  several  occasions  by  measuring  the  total  pressure  of 
the  air  stream  relative  to  ambient  at  one  point  in  the  inlet  of  air  tube  to 
the  burner.  This  flow  was  of  the  order  of  0.8  CFM. 
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As  initially  taatad  tha  burner  core  had  a  pronounced  hot  band  1"  to 

2"  downstream  of  the  burner  head.  Heat  flux  rates  at  this  1"  to  2"  location, 

2 

at  a  fuel  rate  of  0.18  Ib/hr,  were  in  exceaa  of  14,000  BTU/hr/ft  and  dropped 
2 

to  1,700  BTU/hr/ft  6-1/2"  downstream  of  the  burner  head.  The  desired  rates 

2  2 
were  8,400  BTU/hr/ft  at  this  1"  to  2"  location  down  to  6,400  BTU/hr/ft  at 

the  6-1/2"  location.  After  the  four  rows  of  0.056"  dia.  holes  were  drilled 

in  the  bullet  to  eliminate  the  screech,  the  heat  flux  rate  at  the  1"  to  2" 

2  2 

location  dropped  to  12,500  BTU/hr/ft  and  Increased  to  3,200  BTU/hr/ft  at 
the  6-1/2"  location.  An  additional  row  of  holes  gave  little  or  no  improve¬ 
ment. 

To  further  reduce  the  heat  flux  variance  along  the  core  a  series  of 
screens,  both  cylindrical  screens  shunted  co-axielly  with  the  bullet  and  long¬ 
itudinal  strips  extending  radially  from  the  bullet  were  tried,  in  general,  a 
screen  either  cyllndrlcel  or  longitudinal  at  any  lengthwiae  location  reduced 
the  core  temperature  at  that  location  and  increased  it  at  unscreened  locations. 
An  exception  to  this  was  a  screen  wound  tightly  over  the  bullet  at  its  maximum 
cross-section  at  the  exhaust  end  of  the  burner.  This  apparently  gave  a  slight 
Improvement  in  heat  flux  distribution  and  was  included  in  the  final  assembly. 

A  marked  beneficial  change  resulted  from  placing  a  screen  tightly  against  the 
core  and  extending  along  the  core  from  1/2"  to  3-1/2"  downstream  of  the  burn¬ 
er  head.  This  substantially  reduced  the  heat  flux  through  the  1"  to  2"  loca¬ 
tion.  This  screen  was  also  included  in  the  final  generator  asseiid>ly.  With 
the  addition  of  theae  two  screens,  at  a  fuel  rate  of  0.18  Ib/hr.,  the  heat 
flux  in  the  1"  to  2"  location  was  9,000  BTU/hr/ft^  and  4,100  BTU/hr/ft^  at 
the  6-1/2"  location.  After  the  addition  of  the  'core'  screen  in  the  upstream 
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end,  work  on  the  burner  eeparate  from  the  generator  was  dropped.  It  was  felt 
that  the  substitution  of  the  higher  thermal  conductivity  would  further  improve 
the  heat  flux  distribution  to  an  acceptable  if  not  ideal  level.  This  turned 
out  to  be  the  case. 

b.  Thermocouples 

Because  of  a  substantial  amount  of  reasonably  successful  experience 
with  them,  we  selected  'N'  type  lead  telluride  and  'P'  type  germanium  bismuth 
telluride  as  the  thermoelectric  materials.  We  had  previously  fabricated  and 
constructed  thermocouples  of  these  materials  using  Armco  Iron  caps  and  straps 
joined  by  procedures  similar  to  those  given  in  Section  5  in  a  size  suitable  for 
this  application.  An  individual  couple  so  constructed  had  given  3000  to  4000 
hours  life  to  20-251  degradation,  with  many  cycles,  when  tested  in  a  argon-hydro¬ 
gen  atmosphere.  Other  Individual  couples  had  given  1000  to  2000  hours  life  to 
the  same  20-251  degradation,  with  many  cycles,  when  tested  in  an  air  atmosphere. 

There  are  obvious  advantages  in  generator  construction  and  weight  if 
the  couples  do  not  have  to  be  sealed  into  an  artificial  atmosphere.  Therefore, 
an  unsealed  design  was  decided  upon  with  an  atte«q>t  to  be  made  to  improve  the 
operating  life  of  the  thermocouples  by  substituting  stainless  steel  clad  copper 
for  Che  iron  scraps  and  caps.  During  testing  in  an  air  atmosphere  Che  soft 
iron  is  corroded  quite  badly,  particularly  at  the  hot  side  Joints  with  Che 
thermoelectric  legs.  Stainless  clad  copper  was  used  because  the  electrical 
resistance  of  solid  stainless  steel  would  have  been  too  high  using  the  Chin 
strap  indicated  by  stress  considerations. 

This  substitution  of  the  stainless  clad  for  iron  was  completely 
successful  as  far  as  joining  Che  'N*  legs  of  couples  was  concerned.  Fabrication. 
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yield  with  the  'P'  legs  was  10%  or  less,  however.  After  a  number  of  trys 
using  modifications  of  the  initial  joining  process  failed  to  improve  this 
yield,  the  attempt  to  use  stainless  clad  copper  straps  and  caps  was  aban- 
done. 

The  couples  for  Che  generator  were  then  made  up  using  Armco 

Iron. 


Two  modules  of  four  couples  each  were  assembled  and  put  on  life 
test.  The  first  module  used  couples  which  were  already  available  from  pre¬ 
vious  work.  The  second  module  couples  were  selected  at  random  from  those 
made  for  Che  generator.  The  couples  of  the  first  and  second  module  were 
fabricated  using  what  is  thought  to  be  identical  processes.  The  geometry 
of  the  couples  was  the  same  except  chat  in  Che  first  module  Che  straps  and 
caps  were  1/16"  chick  and  the  legs  were  on  7/16"  centers,  whereas  in  the 
second  modules,  Che  couple  straps  and  caps  were  1/32"  thick,  and  the  legs 
were  on  3/8"  centers.  The  thinner  straps  should  substantially  reduce  thermal 
cycling  stresses.  The  'N'  leg  material  was  the  same  except  for  accidental 
batch  variations  between  lead  telluride  of  good  quality.  The  'P'  leg  material 
in  Che  first  module  was  93%  germanium  telluride,  7%  bismuth  telluride  while 
it  was  95%  germanium  telluride,  5%  bismuth  telluride  in  the  second.  It  is 
the  writers  opinion  that  Che  95-05  'P'  material  makes  for  better  couples 
in  this  size  of  couple. 

The  first  module  was  tested  in  an  argon-hydrogen  atmosphere  at  approx¬ 
imately  450*C  hot  strap  temperature  and  110*C  cold  cap  temperature.  This 
module  was  thermally  cycled  from  room  temperature  to  operating  temperature 
about  once  every  100  hours . 
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The  second  isodule  was  tested  in  an  air  atmosphere  at  approximately 
450*C  hot  strap  tasiperatura  and  12S*C  cold  cap  temperature.  This  module  was 
thermally  cycled  from  room  temperature  to  operating  temperatures  every  8 
hours.  Approximately  6  of  the  8  hours  was  at  operating  temperatures. 

The  results  of  these  life  tests  are  given  in  Fig.  8.  This  Is  a 
plot  of  module  power  output  as  a  function  of  hours  on  test.  Since  the  two 
modules  were  not  run  at  the  same  temperature  differences  between  hot  and 
cold  sides,  both  sets  of  data  were  referred  to  a  330*C  temperature  difference 
by  assuming  that  the  power  of  the  module  varies  as  the  square  of  the  temper¬ 
ature  difference.  This  is  accurate  within  2  or  3X  for  the  test  conditions 
and  couples  Involved. 

As  can  be  seen  in  Pig.  8,  the  initial  output  of  the  second  module 
(Module  #2)  was  substantially  better  than  that  of  the  first  (Module#!). 

The  rapid  initial  fall  off  in  power  output  of  both  modules  is  probably  caused 
by  a  phase  change  in  the  'P*  material  that  takes  place  as  it  ages  during 
operation. 

Subsequent  degradation  is  probably  a  result  of  cracks  from  thermal 
stress  and  atmospheric  corrosion.  It  is  apparent  that  Module  #2  is  degrading 
more  rapidly  than  did  Nodule  #1.  Module  #2  is  ungoing  frequent  thermal 
cycling  and  Is  open  to  atmospheric  corrosion.  Even  so  it  still  enjoys  a 
substantial  power  advantage  over  Module  #1  at  1500  hours  on  test.  It  is 
anticipated  that  the  thermoelectric  modules  of  the  generator  will  be  re¬ 
placed  at  1500  hours  during  major  overhaul. 
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Performance  Tett  of  Unit 


Prior  to  delivery  of  the  unit  to  the  U.  S.  Army  Natick  Laboratories, 
the  unit  was  run  14  times  with  a  total  accumulated  operating  time  of  10.25 
hours.  Host  of  these  runs  were  for  the  purpose  of  checking  out  or  demonstrat¬ 
ing  the  operating  capability  of  the  unit.  In  addition  4  runs  were  made  In 
attempt  to  Improve  the  hot  side  temperature  distribution  along  the  length  of 
the  generator  by  changing  burner  screening  arrangements.  As  has  been  remarked 
before,  this  temperature  or  heat  flux  distribution  is  acceptable  but  not  Ideal. 
No  improvement  resulted  from  these  runs, 
a.  Instrumentation 

Temperature  measurement  was  by  28  ga.  chromel-alumel  thermocouple 
wire  read  on  a  Leeds -Northrop  potentiometer.  For  measurement  of  hot  core  and 
hot  strap  temperatures,  the  thermocouple  was  peened  Into  the  part  to  be  mea¬ 
sured.  For  measurement  of  cold  cap  and  casing  temperatures,  the  thermocouple 
was  soldered  to  the  respective  part.  Air  temperatures  were  measured  by  single 
bar  wire  couples  Inserted  with  approximately  1  Inch  cf  lead  parallel  to  the 
flow  direction. 

The  location  of  the  various  thermocouples  in  the  generator  is  shown 
by  Fig.  9.  This  depicts  the  modules  of  the  generator  as  through  they  had  been 
peeled  from  the  core  by  slitting  the  skin  at  the  top  of  the  generator  and 
opening  them  to  either  side  onto  a  plane  surface.  This  figure  also  shows  the 
series  electrical  hookup  of  the  generator  modules,  starting  with  #1  and  con¬ 
tinuing  through  #20.  It  should  be  noted  that  modules  #5  and  #6  and  #15  and 
#16  are  physically  side  by  side  In  the  generator. 
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OWO.  CaSMTS 


I 
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Burner  End  Exhaust  End 


Fig.  9-Temperature  measurement  locations 
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Air  flow  and  static  pressure  available  for  suit  use  was  measured  by 
a  metering  section  attached  to  the  suit  blower  exit.  This  section  consisting 
of  a  transition  piece  1-1/2"  long  from  the  suit  blower  to  an  8"  length  of 
1-1/2"  0.  D.,  1049  wall  tubing.  The  tubing  exhausted  to  ambient  through  a 
sharp  edged  orifice  5/8"  in  diameter.  Two  static  taps  were  located  1-1/2" 
upstream  os  this  orifice  on  opposite  sides  of  the  tube. 

A  rough  estimate  of  generator  cooling  air  flow  was  obtained  by  mea¬ 
suring  a  static  pressure  at  the  generator  blower  exit.  This  number  could  be 
used  in  conjunction  with  measured  generator  blower  rpm  and  the  blower  character¬ 
istics  to  estimate  this  airflow.  In  addition  a  'Volometer'  traverse  was  run 
at  the  cold  side  heat  exchanger  exit  on  one  occasion. 

The  rpm's  of  both  blowers  were  measured  by  a  'Strobotac'.  Electrical 
potential  and  current  were  measured  by  appropriate  Westinghouse  d.c.  voltmeters 
and  ammeters.  Fuel  flow  was  measured  by  a  weighing  procedure  as  previously 
described  under  burner  development, 
b.  Performance 

Measurements  of  the  units 's  performance  are  given  in  Table  1  which 

follows: 


C-28 


T«bl«  I 


Unit  Performance 


Reading  Number 

12 

13 

16 

17 

18 

Ambient  Temperature  (*F) 

75 ‘F 

75  “F 

77 ‘F 

39  OF 

HOT 

Ambient  Pressure  (”Hg) 

28.6 

28.6 

28.8 

28.8 

28.8 

Suit  Blower  Flow  (CFH) 

11.7 

11.3 

11.3 

11.3 

11,2 

Suit  Blower^  P  ("H2O) 

4.62 

4.37 

4.25 

4.55 

4.0 

Suit  Blower £kP  (^0) 

at  12  CFM  Flow  (calculated) 

4.50 

4.11 

4.00 

4.30 

3,74 

System  Electrical  Requirements 

EMF  (Volt) 

10.85 

10.4 

10.35 

10,3 

10.1 

Current  (amp) 

2.55 

2.4 

2.45 

2.55 

2.3 

Power  (Watt) 

27.6 

25.0 

25.0 

26.2 

23.2 

Generator  Output  to  ^Matched 

Load 

EMF  (Volt) 

8.50 

8.20 

- 

- 

- 

Current  (amp) 

3.55 

3.30 

- 

- 

- 

Power  (Watt) 

30.0 

27.0 

- 

- 

- 

Generator  Fuel  Flow  (Ib/hr) 

0.26 

0.23 

0.24 

0.25 

0.23 

Readings  12  and  13  were  taken  using  a  full  set  of  instnunentation  as  previous¬ 
ly  described.  Aside  from  the  obvious  value  of  taking  this  data,  these  read¬ 
ings  were  used  to  set  the  fuel  pressure  regulator  so  that  the  unit  would  put 
out,  approxisiately,  the  contractural  goal  of  12  CFN  at  4"  H2O  static  pressure 
from  the  suit  blower. 
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Readings  16,  17,  and  18  were  checks  of  the  effect  of  different  ambient 
temperatures  on  the  unit's  performance  prior  to  shipment  to  the  U.  S.  Army's 
Natick  Laboratories.  All  except  three  of  the  temperature  measuring  thermo¬ 
couples  internal  to  the  generator  had  been  cut  off  to  make  a  neat  package 
prior  to  these  runs.  The  only  couples  left  in  were  those  recording  the  high¬ 
est  tesiperatures  for  'hot*  spot  monitoring.  As  can  be  seen,  unit  output  increas¬ 
es  as  ambient  temperature  decreases. 

Referring  to  Table  1,  there  are  two  sets  of  suit  blower  static  pressures 
(AP)  given.  The  upper  or  first  one  is  the  actual  value  ofA?  as  measured  using 
the  5/8"  diameter  sharp  edged  orifice  and  the  flow  values  Just  above  are  those 
actually  measured  at  this  measured  A P.  The  second  value  of  A P  is  the  value 
that  calculation  says  would  have  been  obtained  had  the  orifice  on  each  of  these 
readings  been  slxed  to  give  exactly  12  CFM  suit  blower  flow.  The  calculation 
assumes  that  the  unit's  component  efficiencies  do  not  changi^  during  the  small 
amount  of  extrapolation  Involved. 

For  readings  12  and  13  there  are  two  sets  of  electrical  performance 
numbers  given.  The  first  set  is  the  result  of  running  the  unit  in  its  intend¬ 
ed  configuration  with  the  two  blower  motors  as  the  generator  load.  The  second 
set  is  the  result  of  substituting  a  variable  resistance  for  the  suit  blower 
motor  so  that  the  external  or  load  impedance  could  be  matched  to  the  gener¬ 
ator  Internal  impedance  (condition  of  maximum  generator  power  output) .  As 
can  be  seen,  there  is  more  power  available  in  the  generator  than  can  be  utilized 
by  the  unit  because  of  some  mismatch  between  cofsponents  of  the  unit.  The  differ¬ 
ence  in  output  between  readings  12  and  13  is  a  result  of  lowering  the  fuel  flow 
to  the  generator  from  readings  12  to  13.  The  differences  In  output  between 
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readings  13  end  16  are  unexplained  as  is  the  difference  in  measured  fuel  flow 
rate.  That  the  readings  were  taken  during  different  runs  on  different  days 
is  no  explanation  since  Che  fuel  pressure  and  ambient  conditions  were  almost 
identical  for  each  reading.  The  differences  between  these  two  runs  may  be 
taken  as  an  indication  of  Che  reproducibility  of  results. 

The  individual  temperatures  as  measured  during  Reading  #12  are 
plotted  as  a  function  of  lengthwise  position  in  Fig.  10.  It  will  be  noted 
that  there  was  little  spread  in  hot  strap  temperatures  at  any  axial  location 
but  a  decided  slope  in  these  temperatures  from  end  to  end.  The  wide  spread 
in  temperatures  on  Che  thermocouples  cold  side  is  largely  a  result  of  tilted 
cold  caps  on  some  of  Che  thermocouples  as  fabricated.  A  tilt  of  .001"  from 
side  to  side  or  end  to  end  will  cause  an  increase  of  cold  cap  temperatures 
of  about  40  or  50 *C  over  one  which  is  flat. 

The  averaged  temperatures  from  Reading  #12  are  compared  to  design 
intentions  as  a  function  of  lengthwise  position  in  Fig.  11.  Also  noted  in 
this  figure  are  the  measured  generator  outputs  and  inputs  as  compared  to  Che 
design  conditions.  Values  for  Che  cold  side  heat  exchanger  pressure  drop  and 
cooling  flow  are  not  included  in  this  figure.  The  design  values  were  0.75" 
H2O  and  18  CFM.  The  measured  values  were  24  CFM  and  0.38"  H2O. 

As  can  be  seen  matched  power  output  was  10%  below  design  value  at 
a  fuel  flow  8%  greater  chan  design.  A  small  part  of  this  lower  performance 
is  because  the  design  conditions  are  more  favorable  to  the  generator  than 
the  actual  operating  conditions  of  Reading  #12.  Most  of  it,  however,  is 
caused  by  the  sloping  temperature  along  the  core  on  the  hot  side.  It  should 
be  remarked  that  the  design  conditions  are  ideal  conditions  and  unlikely  of 
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CURVE  S6928S 


I 

I 


Fig.  lO-Measured  temperatures  in  generator  (Run  #12) 
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CURVE  M52W 


Length  Along  Core  (inches) 


Run  #12 


Design 

Conditions 


Current 
E.M.F.  matched 
Power 

Ambient  Temp. 
Ambient  Press. 
Fuel  Flow 


3. 54  amp 

3. 63  amp 

8. 5  volt 

9. 1  volt 

30  watts 

33  watts 

301®C 

314‘>C 

24®C 

15®  C 

0. 96  atmos. 

LO  atmos. 

0.26  llVhr 

0.24IIVhr 

Fig.  11-Comparison:  Design  conditions  vs.  actual  generator  (Run  #12) 


complete  attainment. 

Cone luslon 

It  is  apparent  that  the  performance  level  of  this  unit  is  in  excess 
of  the  requirements  as  set  forth  under  Phase  I  of  the  Contract  and  paraphrased 
in  the  Introduction  of  this  report. 

Perhaps  an  even  better  illustration  of  a  substantial  step  forward  is 
to  compare  the  present  unit's  performance  with  that  of  a  Silvercel  battery 
powered  unit  previously  delivered  for  the  same  duty. 

Battery  Unit  Thermoelectric  Unit 

Useful  Flow  10  CFM@  2.5"  HjO  12  CFM  @  4"  H^O 

Fully  Fueled  Weight  18  lb.  15.25  lb. 

While  this  unit  is  a  successful  one  within  the  intent  of  Phase  I  of 
the  Contract,  substantial  further  improvements  can  be  made.  For  example,  only 
about  SOX  of  the  potential  power  of  the  unit  is  being  developed  and  utilized. 

The  weight  of  the  unit  can  be  substantially  reduced,  as  anticipated  in  Phase  III 
of  the  Contract,  by  substituting  aluminum  for  brass  and  steel  in  the  fuel  valving 
and  piping.  Use  of  liquid  fuels  such  as  gasoline  will  also  reduce  weight  by 
eliminating  the  need  for  heavy  walled  L.  P.  fuel  storage  containers.  Use  of 
liquid  fuels  will  also  simplify  problems  of  field  fuel  supply. 

The  rate  of  degradation  of  the  lead  tellurlde,  germanium  bismuth  tellu- 
ride  thermocouples  used  in  this  generator,  while  probably  tolerable  (based  on 
module  life  tests)  for  a  major  overhaul  period  of  1500  hours,  is  disappointing. 
This  deficiency  can  be  substantially  corrected  by  use  of  the  new  antimony  bismuth 
tellurlde  materials  in  future  generators.  These  materials  have  shown  very  little 
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or  no  dogradatlon  ovar  Ufa  tasting  pariods  of  Intarast  to  this  application 
(3000  hours)  whan  wall  saalad  or  protectad  from  tha  aarth's  atmosphere.  Seal¬ 
ing  of  the  thermocouples  against  the  atmosphere  will  also  eliminate  any  pos¬ 
sibility  of  systemic  pickup  by  persons  using  the  unit  of  thermoelectric  material 
such  as  tellurium. 
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MBWTOfioi  or  m  nosn  or  mdos  or  tiiwuhjctric  wagmis 

R.  C.  Mllltr  aad  R.  W,  VjM,  Jr, 


Bm  •fflelcBcy  of  •  thoxaooltetrle  goaoroter  d^poada  on  tho 
prt^rtlos  of  the  aotorlal  thztmgh  o  elagle  pozeaoter,  TZ,  the  figure  of 
■erlt,  vhleh  Is  defined  es 


where  T  is  the  sbselate  teapersture,  a  the  Seeheek  eoefflelent,  p  the 
eleetrlesl  reslstirlty,  sad  r  the  thexasl  eoadnetirlty.  Siere  are  two 
hsslesUy  different  spprosehes  to  the  deteialastloa  of  the  figure  of  aerlt. 
These  sre: 

» 

(1)  To  sepsrstely  aessure  the  iadlTldnsl  psrsaeters  a,  p,  sad  r 
sad  to  eeapute  TZ. 

(2)  To  directly  deteneine  TZ  fros  s  aessure  of  the  hosting  or 
cooling  St  the  ends  of  s  ssaple  by  the  Peltier  effect. 

The  second  spprosch  would  sppesr  to  he  the  prefershle.  Ihwever, 

St  least  as  auch  care  aust  he  taken  to  ellalnste  heat  leaks  as  la  the 
separate  dstezaiaatioa  of  psrsaeters  and  since  the  values  of  the  ladlvldnal 
psrsaeters  are  often  of  as  aach  laportaace  as  TZ,  the  first  approach  is 
prefershle.  The  astbod  of  saall  area  contacts,  which  will  ha  discussed  la 
more  detail  later,  does  avoid  sobs  of  the  prohlsas  associated  with  heat  leaks 
hut  Introduces  addltioaal  prohlesa  in  the  foza  of  uacsrtaln  contacts  and  for 
this  reason  is  also  less  desirahle  than  the  separate  detexninatlon  of  para- 
aeters. 

In  the  following  sections,  we  will  discuss:  (l)  the  aethod  of 
Bsasurlag  the  Individual  paraaeters  a,  0,  and  s  and  soae  of  the  possihle 
errors  that  eater  Into  the  detezaiaatlon  of  these  fuantltles,  and  (2)  soae 
of  the  aethods  of  detezalnlag  TZ  directly,  la  particular  the  Z  aster,  and 
the  SMthod  of  saall  area  contacts  and  the  errors  entering  Into  these 
detezalnatlons . 


Before  discussing  the  measurements,  It  should  be  eoqphasized 
that  It  Is  almost  always  advisable  to  investigate  the  phase  relationships 
of  a  material  before  perfoznlng  any  extensive  series  of  measurements  on 
the  material.  For  exaaqple,  a  large  number  of  measurements  have  been 
performed  on  AgSbTeg.  However,  this  material  Is  reported  to  be  only  truly 
stable  In  the  temperature  range  to  575®C.  Below  3^°C,  It  decoaiposes 

Into  AggTe  and  another  phase  which  Is  related  to  Sb^Te^.  This  decoDQ>osltlon 
Is  rather  alow  and,  by  rapid  cooling  below  3ltO°C,  AgShTe^  can  be  gotten  as  a 
metastable  phase  at  room  temperature.  The  material  actually  Is  not  AgSbTCg 
but  a  ternary  con5>ound  of  nearly  that  comiosition  and  a  small  (~5-15?^) 
amount  of  a  second  phase  Is  metastable,  measurements  can  be  performed  at 
room  temperature  and.  If  performed  rapidly,  at  tenperatures  approaching 
34ooc.  Above  this  temperature  and  below  575®C,  the  material  Is  stable  and 
there  is  no  difficulty  in  performing  the  measurements.  If  this  material 
were  now  Incorporated  in  a  thermoelectric  generator  where  part  of  the 
material  was  held  at  a  temperature  in  the  range  of  200-3^°C  for  a  long 
period  of  time,  the  material  would  decompose  and  the  measurements  made  on 
the  metastable  phase  would  be  of  no  significance  in  predicting  the  long 
term  performance  of  the  generator. 

In  any  measurement  of  the  bulk  properties  of  a  solid  In  which  hl^ 
accuracy  Is  desired,  it  is  necessary  to  have  samples  which  are  homogeneous 
and  free  from  cracks,  holes,  or  other  macroscopic  imperfections.  If  the 
crystal  structure  of  the  material  Is  anisotropic,  some  attention  must  be 
paid  to  the  crystal  orientation  of  the  sample  being  measured. 

I.  IBSZVIIIUAL  PARAKBrniBS 

Electrical  Resistivity 

The  usual  procedure  for  measuring  the  resistivity  consists  of 
passing  a  known  current  I  through  a  uniform  bar  of  the  material  and  meausurlng 
the  voltage  drop  E  between  two  probes.  Fig.  I.  If  the  distance  between  the 


probes  Is  I,  the  cross-sectional  area  Is  A,  and  the  current  In  this  region 


is  vinlfonn,  the  resistivity  is  given  by  expression 


P 


A 

I 


(1) 


In  the  range  of  resistivities  usually  encountered  in  thermo¬ 
electric  riaterials  (lo"^  -  10‘^  ohm-em),  there  are  only  two  likely  sources 
of  error.  These  are; 


(1)  Seebeck  emf 's  Produced  by  Temperature  Oradients  in  the  Sample 

If  there  is  a  temperature  gradient  in  the  sample  then  the  two 
voltage  probes  and  the  sasqple  form  a  themocouple  and  the  resulting  Seebeck 
emf  will  be  added  onto  the  voltage  E.  The  usual  procedure  for  eliminating 
these  stray  emf's  is  to  singply  reverse  the  current  auad  average  the  two 
voltages.  However;  in  a  good  thermoeleotrlc  material  with  a  steady  current 
flowing;  the  Peltier  effect  at  the  ends  of  the  bar  produces  a  temperature 
gradient  which  reverses  direction  when  the  current  is  reversed.  The  Seebeck 
emf  developed  because  of  this  temperature  gradient  is  not  necessarily 
eliminated  by  reversing  the  current  and  averaging  the  voltages.  This 
particular  effect  is  the  basis  of  the  operation  of  the  Z  meter  which  will 
be  described  later.  The  methods  of  eliminating  this  error  are  based  on  the 
fact  that  a  certain  length  of  time  is  required  to  establish  the  temperature 
gradient  in  the  material  after  a  change  in  the  current  flowing.  One  solution 
is  to  use  an  AC  current  of  such  a  freqiiency  (  >  10  c.p.s.)  that  the  current 
reverses  itself  many  times  during  the  period  of  time  required  to  establish 


the  ten^erature  gradient.  Another  solution  Is  to  use  contacts  of  large  heat 
capacity  at  the  ends  of  the  saaQ>le.  This  Increases  the  length  of  time  required 
to  establish  the  teinperature  gradient.  Then  by  simply  reversing  a  DC  current 
and  measuring  the  voltage  rapidly,  this  error  can  be  eliminated. 

(2)  Non-Unlfom  Current  Distribution  In  the  Sample  Due  to  Poor  End  Contacts 

If  the  current  distribution  In  the  saoqple  is  non-uniform,  the 
resistivity  calculated  from  Eq.  (l)  will  be  In  error.  If  the  probes  are  placed 
at  least  one  diameter  from  the  ends  of  the  san5)le,  the  current  will  be 
reasonably  uniform  at  the  probes  regardless  of  the  nature  of  the  contact  at 
the  ends  of  the  sample.  For  short  samples.  It  Is  usually  necessary  to  tin 
the  ends  of  the  san^le  and  solder  copper  contacts  to  the  sample  to  Insure  a 
uniform  current  distribution. 

The  only  additional  precaution  required  to  permit  measurement  at  high 
tenperature  is  to  choose  Insulation  materials  whose  resistivities  are  large 
ccMnpared  to  that  of  the  sample  at  the  operating  temperature.  Boron  nitride, 
mulllte,  emd  alumina  are  generally  satisfactory. 

For  samples  which  can  be  cut  so  that  their  length  is  larger  than  5 
to  10  times  their  width  or  thickness,  the  electrical  resistivity  can  be  measured 
to  an  accuracy  of  easily  and  to  +l^t  with  some  care. 

Seebeck  Coefficient 

The  Seebeck  coefficient  ie  determined  by  measuring  the  difference  in 
voltage  Av  and  the  difference  in  temperature  AT  -  ^*^^**^ 

points  on  a  sample  in  which  there  !■  a  small  temperature  gradient.  It  should 
be  emphasized  that  the  Seebeck  coefficient  of  a  honogeneous  material  is  Inde¬ 
pendent  of  the  exact  nature  of  the  temperature  gradients  In  the  material  and 

depends  only  on  the  tempermture  difference  between  the  two  points  at  which  AV 

o 

Is  measured.  If  AT  is  such  that  (AT/T^)  is  small  compared  to  unity,  the 
relative  Seebeck  coefficient  Is  given  by  the  expression 
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The  absolute  Seebeck  coefficient  of  the  ■a]iq;>le  is  obtained  from  the  relative 
Seebeck  coefficient  by  subtraction  of  the  absolute  Seebeck  coefficient  of 
the  lead  wires 

Two  practical  arrangements  for  the  measurement  of  the  Seebeck  coefficient 
are  shown  in  Figs.  2a  and  2b.  In  both  these  arrangements,  the  sanqple  is 


:tc. 


Fig.  2 


rOrriTc, 

b 


held  between  two  metal  blocks  A  and  B  and  a  heater  in  the  upper  block  B 
produces  a  temperature  gradient  in  the  sample.  In  the  arrangement  in  Fig.  2a 
the  temperature  difference  is  meeisured  by  means  of  the  two  thermocouples  Tc^^ 
and  TCg  which  are  in  good  thermal  and  electrical  contact  with  the  sample. 

The  voltage  difference  is  measured  between  the  similar  leads  of  the  two 
thermocouples,  (e.g.,  if  copper-constant  thermocouples  were  used,  the  voltage 
would  be  measured  between  the  two  copper  leads  and  the  Seebeck  coefficient 
determined  would  be  relative  to  copper) .  The  arrangement  in  2b  differs  only 
in  that  the  two  thermocouples  are  fastened  to  the  metal  blocks.  This  arrange 
ment  is  more  convenient  and  is  as  satisfactory  as  2a  provided  the  blocks  make 
good  thermal  and  electrical  contact  to  the  sample. 

For  the  usual  range  of  electrical  resistivity  encountered  in 
thermoelectric  materials,  there  are  only  two  likely  sources  of  error.  These 


are: 
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(l)  Poor  theraal  contact  'b«tw»en  laapl*  >nd  theraocouple 
Let  u*  eoiulder  first  the  arrsngeaent  shown  in  Fig.  3. 

I 


Fig.  3 


The  snail  Irregularity  on  top  of  the  sanple  Is  the  only  part  of  the  saaple 
in  theznal  and  electrical  contact  with  the  upper  block.  Since  all  of  the 
heat  that  flows  through  the  sample  nust  pass  through  this  Irregularity  and  Its 
cross-sectional  area  Is  snail  coiqpared  to  that  of  the  rest  of  the  sanple,  nost 
of  the  temperature  drop  vlU  occur  In  this  Irregularity.  If  the  composition 
of  this  snail  region  Is  the  sane  as  the  rest  of  the  sample,  the  ratio  of  the 
neasureaents  AY  and  AT  will  be  the  correct  Seebeck  coefficient.  However,  If 
its  composition  Is  different,  then  the  iwasured  Seebeck  coefficient  can  be 
quite  different  fro*  the  correct  value. 

This  error  can  be  avoided  by  using  the  approach  of  Fig.  2a.  If  the 
theraoeotq)les  are  In  good  themal  and  electrical  contact  with  the  samples  and 
fine  wires  are  used  for  the  theraocomples  so  as  to  alnlHlze  the  aaount  of  heat 
conducted  down  the  leads ,  then  there  are  no  large  theraal  gradients  in  the 
vicinity  of  the  thermoeouple  aad  the  oorreot  Beebeok  ooefflolent  will  be 
neasured.  Unfortunately,  this  arrangement  cannot  always  be  used  for  the  follow¬ 
ing  reasons.  First,  It  Is  difficult  to  secure  good  themal  contact  between 
the  thermocouple  and  sampla  by  sli^ly  Inserting  the  thermocouple  In  a  hole  in 
the  sample.  Second,  many  of  the-  thormoelectrlo  materials  react  with  the  thermo¬ 
couples.  To  avoid  a  change  in  calibration  of  the  themocotples  due  to  the 
reaction,  some  kind  of  Jacketing  must  be  used  on  the  thermocouples.  The 
Jacketed  thermocorples  have  relatively  large  themal  oonductlvltles  and  conduct 
large  amounte  of  heat  from  the  sample  giving  large  themal  gradients  In  the 
sample  in  the  vicinity  of  the  contact. 


I 

I 
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The  arrangcMnt  of  fig.  2b  Is  grsstly  aors  satisfactory.  Tbs  Jacketsd 
thermocouples  can  bo  bolted  Into  the  metal  blocks  Insuring  good  thermal  contact. 
For  thermoelectric  materials  having  thermal  conductivity  less  than  .25  vatt/en/°C 
and  a  length  of  2  cm  or  more,  lapping  the  ends  of  the  sample  and.  filling  the 
apparatus  with  hydrogen  or  hellua  gas  Is  sufficient  to  reduce  the  temperature 
drcipe  associated  with  the  contact  to  a  negligible  fraction  of  the  total  drop 
across  the  sample. 

(2)  Errors  In  thermocouple  calibration 

There  are  two  Kinds  of  errors  that  can  arise  because  of  poor  calibration 
of  the  thermocoi^les .  The  first  Is  due  to  slight  differences  between  the  two 
thermocouples.  In  this  case,  the  teiqperature  will  be  acctirate,  but  the  difference 
In  tetaperature  dff  will  be  In  error.  This  error  Is  easily  eliminated  by  simply 
measuring  AV  and  AT  at  two  or  more  different  tei^rature  gradients  and  plotting 
AV  VB  Ar(observed).  If  there  Is  no  difference  between  the  thermocouples,  the 
'  line  will  pass  through  the  point  AT  ■>  0,  AV  >  0.  If  the  line  does  not  pass 
through  this  point,  the  Seebeck  coefficient  can  be  calculated  from  the  slope  of 
the  line. 

The  second  error  Is  much  harder  to  detect,  and  It  arises  when  the 
calibration  of  both  thermocouples  are  the  same  and  wrong.  This  can  easily 
happen,  for  example.  If  exposed  cbroael-alumel  thermocouples  are  used  to  measure 
the  Seebeck  coefficient  of  tellurldes  at  high  tsxoperatures .  After  several  hours 
operation  at  tesiperatures  above  500°C,  the  calibration  changes  such  that  the 
maasured  Seebeck  coefficient  is  ~30^  higher  than  the  true  value.  The  only  ways 
to  avoid  this  error  are  to  use  ^cketed  thermocouples  and  to  frequently  check 
known  samples  to  detect  deterioration  of  the  thermocouple  calibration. 

The  only  additional  preoautlon  needed  to  permit  measurements  at  high 
temperature  Is  to  be  certain  that  the  electrical  resistivity  of  the  insulating 
material  la  large  compared  to  that  of  the  sample.  When  the  preoautlons  outlined 
above  are  taken,  the  Seebeck  coefficient  can  be  maasured  with  an  accuracy  of  the 
order  of  4^  to  4I4. 
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Theimal  Conductivity 

Basically,  the  methods  of  measuring  the  thermal  conductivity  and 
the  electrical  resistivity  are  similar.  In  the  case  of  the  electrical 
resistivity,  a  given  electrical  current  Is  passed  through  the  saoqple  and  a 
voltage  drop  measured,  while  for  the  case  of  the  thermal  conductivity,  a  luiovn 
thermal  current  Is  produced  In  the  sample  and  a  teaqperature  drop  determined. 

A  simplified  apparatiu  Is  shown  In  Pig.  h.  It  consists  of  a  heat  source.  In 


this  case  a  known  resistor  and  a  means  of  passing  a  known  current  I  thro\igh 
the  resistor,  a  heat  sink  wlilch  Is  slaiply  a  block  of  material  having  sufficient 
heat  capacity  so  that  Its  teoqperature  does  not  change  significantly  during  the 
course  of  the  measurement,  and  the  two  thermocouples  to  measure  the  temperature 
drop,  £S!.  If  the  thermocouples  are  a  distance  K,  apart,  the  cross-sectional  area 
is  A  and  the  heat  flow  uniform,  the  thermal  conductivity  Is  given  by  the 
expression 


In  practice,  it  la  much  acre  difficult  to  aMsuro  the  thermal 
conductivity  than  the  electrical  raelstlvlty.  The  reaaon  ia  ainply  that  other 
than  a  vacuum  at  low  temperaturea  (<  1CX}°K),  there  are  no  good  thermal  inaulatore. 


0 

It  Is  an  easy  natter  to  find  electrical  Insulation  vhoae  resistance  Is  10  tines' 
that  of  the  themoelectrlc  naterlals  being  nsasured  vhlle  at  noderate  teoiperatures 
(~300^),  the  themal  conductivity  of  the  naterlals  used  for  themal  Insulation 
Is  only  a  l/loo  to  a  l/lO  that  of  isost  of  the  cosmon  thermoelectric  materials. 

Thus  In  the  measurenent  of  electrical  resistivity  all  of  the  current  traa  the 
battery  passes  throiigh  the  sai^le.  In  the  measurement  of  thermal  conductivity 
unless  elaborate  precautions  are  taken,  only  a  fraction  of  the  heat  generated 
In  the  heat  source  passes  through  the  sample,  the  remainder  being  lost  through 
various  heat  leaks. 

There  are  two  practical  arrangements  for  the  measurement  of  the 
themal  conductivity.  The  first  Is  the  absolute  method  shown  In  Fig.  4  In 
which  the  amount  of  heat  flowing  through  the  saople  Is  calculated  from  the 
electrical  power  dissipated  In  the  heater.  The  second  Is  the  comparative 
method  shown  In  Fig.  In  this  apparatus,  the  sample  and  a  standard  material 


ST/^NDARD- 

5;?mple- 

STdNJJflRO- 


Fig.  5 


are  arranged  so  the  same  amount  of  heat  pastas  through  both  materials.  The 
thermal  conductivity  of  the  sample  is  then  given  by  the  equation 


** sample  “  ''std. 


sample  std. 
std  sample 


arej 


The  likely  sources  of  error  In  the  measurement  of  thermal  oonduotlvity 
(1)  Heat  leaks  t  As  msntioned  above,  the  problem  of  heat  leaks  Is 


very  serious  in  the  detenUnatlon  of  the  thermal  conductivity.  There  are  two 
general  approaches  to  minimise  the  heat  leaks.  The  first  is  to  use  short  fat 
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sanples.  In  this  vay,  the  ratio  of  the  total  heat  conduction  through  the 
saiqple  to  that  lost  at  the  edges  is  increased  and  the  accuracy  improved. 

This  method  is  generally  used  in  a  comparative  apparatus  because  the  only 
heat  leaks  that  effect  the  accuracy  of  the  result  are  those  from  the  sides 
of  the  sample  and  standards.  However,  when  the  samples  are  short,  it  becomss 
difficult  to  accurately  define  the  distance  between  the  thermocovgtles  since 
the  diameter  of  the  themoco\;ples  becomes  a  significant  fraction  of  the 
specimen  length.  In  the  absolute  apparatus,  one  also  has  to  prevent  heat 
leaks  from  the  heat  source  and  thermal  guarding  must  be  used.  This  consists 
of  placing  a  shield  aroimd  the  sample  and  heater  and  matching  the  temperature 
at  every  point  on  this  shield  to  that  of  the  sample  or  heater  at  the  closest 
point.  If  the  temperattires  were  matched  perfectly  and  the  shield  was  a  small 
fraction  of  the  diameter  of  the  sample  away  from  the  sample,  the  heat  leaks 
woiild  be  completely  eliminated.  In  a  practical  arrangement  using  modest  sized 
sample  1/2"  long  x  1/2"  dia.,  the  heat  leaks  amount  to  lC?t  of  the  total  flow 
at  200°C  and  increase  roughly  as  T^. 

(2)  Won-unlform  temperature  gradients  In  samples  due  to  poor  end 
contact;  This  error  arises  In  the  same  fashion  as  described  under  the  measurement 
of  electrical  resistivity.  Eliminating  it  Is  somewhat  more  difficult  since  short 
fat  samples  are  required  to  minimize  heat  leaks.  The  best  solution  Is  to  solder 
the  sanqple  to  the  heater  and  the  heat  sink.  The  next  best  solution  is  to 
carefully  lap  the  ends  of  the  sample  and  the  matching  surfaces  of  the  heater 

and  heat  sink,  and  to  fill  the  apparatus  with  a  gas  having  a  high  thermal 
conductivity,  preferably  either  with  Hg  or  He. 

(3)  Errors  In  themocouple  calibration;  This  problem  and  Its 
solution  Is  exactly  the  same  as  In  the  case  of  the  measurement  of  the  Seebeck 
coefficient. 

The  extension  of  thermal  conductivity  measxirements  to  high  tenqperature 
ii  very  difficult.  If  a  vacuum  is  used  as  thermal  inaulatlon,  the  heat  leaks 
due  to  radiation  Increase  as  and  are  usually  of  the  same  order  of  magnitude 
as  the  heat  conduction  through  the  sample  by  300^0.  for  high  temperatures  I  It 
is  preferable  to  use  an  opaque  solid  material  as  the  insulator  and  to  use 
sanples  of  large  A/'t  to  minimize  the  heat  leaks. 
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When  the  beat  leak  due  to  radiation  la  anall  coispared  to  the  heat 
flow  along  the  saiq)le,  one  can  correct  the  results  for  this  heat  loss.  However, 
there  are  several  uncertainties  In  this  correction  which  will  Introduce  large 
errors  In  the  result  of  this  correction  Is  large.  The  correction  depends  on 
the  emlsslvltles  of  the  saaqple  and  the  apparatus.  The  emlsslvlty  of  a  material' 
depends  on  the  condition  of  the  surface  of  the  material  and  can  change  hy 
large  factors  if  the  surface  Is  changed,  for  example,  hy  oxidation.  Thus  the 
emlsslvlty  of  a  given  piece  may  change  with  time  and  therefore  there  Is  an 
uncertainty  in  the  emlsslvlty  at  the  time  the  measurements  are  made.  Since 
the  correction  depends  In  a  different  way  on  the  emlsslvlty  of  the  sanqple,  the 
apparatus,  and  In  some  cases  the  sample  contact  materials,  one  cannot  get  an 
accurate  correction  hy  measuring  the  average  emlsslvlty  at  the  time  the  measure¬ 
ment  Is  made. 

Another  possible  solution  is  to  use  a  saiqple  geometry  in  which  the 
heater  Is  con^letely  surrounded  hy  the  sample.  However,  this  req\ilres  considerable 
effort  In  the  preparation  of  each  sample  to  he  measured. 

Dlffuslvlty 

Because  of  the  difficulties  involved  In  the  direct  measurement  of  the 
thermal  conductivity,  the  measurement  of  the  dlffuslvlty  has  been  proposed  as 
an  alternate  method  of  determining  the  thermal  conductivity.  The  dlffuslvlty  D 
Is  related  to  the  thermal  conductivity  hy  the  equation 

D  =  k/c, 

where  C  is  the  specific  hMt  per  unit  volUBS.  Tbe  apparatus  for  the  measurement 
of  the  dlffuslvlty  (Vlg.  6)  ooaslats  of  a  sample  of  constant  uniform 


Sample 


1 
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croBS-Bectlon,  with  a  heater  attached  to  one  end  and  provisions  for  the 
measurement  of  the  teiqperature  at  tvo  or  more  points  along  the  bar.  The 
apparatus  is  placed  in  an  evacuated  container  which  Is  maintained  at  a 
constant  ten^erature  T.  The  power  Input  to  the  heater  Is  varied  In  such  a 
maxmer  that  the  temperature  at  the  end  of  the  saiqple  varies  sinusoidally  with 
time.  The  anqplltude  of  the  teiaperature  variation  Is  small  coiqiared  to  T. 
Under  these  conditions^  a  temperature  wave  will  he  propagated  along  the  bar. 
The  two  thermocouples  permit  the  measurement  of  the  phase  velocity  V  of  the 
wave  and  the  attention  of  the  wave  as  It  passes  along  the  bar.  The  attenua¬ 
tion  Is  expressed  In  terms  of  the  logarithmic  decreiaent  per  unit  length  6  and 
is  given  by  the  esgpresslon 

6  — Z - 

where  T^  and  Tg  are  the  anqplltude  of  the  wave  at  the  two  thermocouples  and  -t 
Is  the  distance  between  thermocouples. 

If  there  are  no  heat  leaks  to  the  surroundings  the  dlffuslvlty  can 
be  calculated  from  a  single  measure  of  either  &  or  v  by  the  equations 

6  =  (<»/2D)^/^ 


and 


V  »  (auD)^/^ 

where  (a  Is  the  angular  frequency  of  the  temperature  variation.  If  one  assrows 
that  the  only  heat  leaks  art  those  due  to  radiation,  we  have 


and 
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where 


*  "  P  * 


3  1/2 


^  Is  a  constant  dspandent  on  the  shape  of  the  saaple,  and  <  is  the  esdesivlty 
of  the  saaple.  In  the  presence  of  heat  leaks.  It  Is  no  longer  possible  to 
deteimlne  D  from  a  single  aeasuresent  and  It  Is  necessary  to  awasure  either  ▼ 
or  b  at  two  or  aore  frequencies,  or  to  aeasTire  both  v  and  5  at  a  single  frequency. 
In  the  later  ease,  C  Is  given  by  the  slaple  expression 


D  ■  v/2<r 


There  are  several  practical  difficulties  In  the  aeasureaent  of 
dlffuslvLty.  Firstly,  for  aBterlals  of  saall  dlffusivlty,  the  attenuation  Is 
large  and  the  aaqilltude  of  the  temperatures  wave  decreases  rapidly  with  distance. 
Under  these  conditions.  It  Is  difficult  to  tumtvro  v  and  &  accurately.  Secondly-, 
at  higher  tenpexatures ,  the  parameter  a  becomes  laportant  and  the  attenuation 
increases  rapidly  vl-thln  Increasing  tenperature.  The  decrease  In  accuracy 
accongpanylng  this  Increase  actually  sets  an  upper  Halt  to  the  tenperature  at 
which  measurements  can  be  nade.  Third,  since  the  measurements  are  performed 
In  vacuum.  It  Is  suitable  only  for  those  materials  that  ha-ve  vary  low  vapor 
pressures.  If  a  gas  Is  admitted  to  the  apparatus  to  pre-vent  volatilization  or 
decoiiposltlon  of  the  saaple,  the  equations  gi-ven  for  &  and  v  are  not  applicable. 
It  might  be  possible  to  derl-ve  new  expressions  for  special  eases.  However, 
because  of  the  possibility  of  convection  and  the  heat  capacity  of  the  gas  or 
any  material  placed  In  contact  with  the  sample  to  pre-vent  con-vectlon,  the 
eigpresslon  would  be  complicated.  The  final  difficulty  Is  that  the  specific 
heat  at  constant  pressure  C  must  be  measured  In  order  to  obtain  the  thermal 
conductivity  from  the  dlffosl-vlty.  This  specific  heat  can  be  estima-ted 
theoretically,  but  this  may  Introdiice  an  appreciable  error. 

The  thermal  conductivity  measurement  is  the  most  difficult  measurement 
which  enters  Into  the  oaloulntioa  of  tbs  figure  of  merit.  At  teiQeratures  In 
the  vicinity  of  room  temperature  and  below,  the  thermal  oonduotivlty  can  be 
measured  to  an  aoouraoy  of  in  a  reasonable  length  of  time.  The  aoouraoy  of 
this  measurement  has  been  established  by  oo^parisons  of  the  measured  performance 
of  a  thexmosleotrlc  couple  with  that  predicted  from  the  a,  p,  and  k  measurements. 
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At  high  tosperatures,  the  accuracy  deeraaaea  rapidly  and  it  beeoBea  difficult 
to  give  a  general  eatlnate  of  the  accuracy.  As  discussed  above,  the  size  of 
the  errors  and  the  applicability  of  the  various  nethods  depends  on  the 
properties  of  the  material  being  Investigated,  the  size  of  the  saj^ples 
available,  and  the  tine  available  for  special  sample  preparation  and  measure¬ 
ment.  In  the  i-ange  of  roughly  500  to  800*^0,  absolute  accuracy  of  better  than 
are  obtained  only  on  materials  having  rather  large  thermal  conductivity 
and  available  In  fairly  large  pieces  or  at  the  expense  of  considerable  time 
and  effort  on  each  saople  to  be  measured,  and  In  many  cases  not  even  then. 

I.  DIRECT  DETEFMDIATICIl  0?  TZ 


Z-Meter 

The  Z-meter  is  a  simple  device  vhlch  permits  the  direct  determination 
of  the  figure  of  merit  TZ  or  the  three  parameters  Q(,  p,  and  k.  Two  current 
leads  and  two  thermocouples  are  attached  to  the  sagple  as  shown  In  Fig.  7. 


Fig-  T 


The  santple  Is  s\i8pended  by  these  leads  In  an  evacuated  container  which  Is 
maintained  at  a  constant  tenqperature  T^.  When  a  direct  current  Is  passed 
through  the  Baii^>le,  a  quantity  of  heat  will  be  removed  from  one  end  of  the 
sample  and  given  up  at  the  other  end  because  of  the  Peltier  effect.  A  tem¬ 
perature  gradient  will  then  be  established  In  the  saaple  and,  under  steady- 
state  conditions,  an  equal  amount  of  heat  will  be  oonduotad  from  the  hot  to 
the  cold  end.  The  differenoe  In  temperature  dS  is  given  by  the  expression 


The  difference  in  voltage  between  the  similar  leads  of  the  two 
thermocouples  Is  the  sum  of  the  IH  drop  and  the  Seebeck  emf. 


■15 


^DC  -  ^  ^  « 


and  the  apparent  DC  realatanee  that  would  he  Maeured  on  the  saaple  la  given 
by  the  eiqpreeBlon 


«DC 


If  the  realatanee  la  neeaured  with  an  AC  current  of  60  cpa,  there  will  be  no 
teoperature  gradient  In  the  aaterlal  and 


Coiftilnlng  theae  two  esqpreaalona,  we  find 


TZ 


”dc  -y 


Thua  by  alnple  aeaatiring  the  realatanee  with  a  DC  and  an  AC  current. 

It  la  poealble  to  deterKLne  TZ.  If  the  aeparate  paraaetera  a  and  k  are  dealred. 
It  la  neceaeary  to  deteraine  dT  In  addition  to  the  Maavraaent  of  and  R^^. 

In  practice,  aereral  difflcultlea  are  encountered.  Theae  are:  Tlrat, 

If  either  of  the  contacta  are  poor  an  extra  aaount  of  heat  iS  win  be 

contact 

generated  at  one  end  of  the  aa^ple  and  the  aaaauraaaat  will  be  In  error.  Thla 
error  can  be  elladnated  In  principle  by  reveralng  the  DC  current  axid  averaging 
the  two  valuea  of  the  realatanee  ao  obtained.  Second,  at  tenQeraturea  where 
radiation  loaaea  becoaa  Important,  the  hot  end  of  the  aaapla  will  loae  heat  to 
the  container  and  the  cold  and  will  receive  heat  froa  the  container.  A  tern 
haa  been  derived  to  correct  for  thla  effect}  however,  alnoe  It  Involvea  the 
endaalvlty  of  the  aa^ple  which  la  genarally  not  known  and  the  tern  becoaea 
large  aa  the  temperature  la  raiaed,  tha  method  la  limited  to  nodeat  temperaturaa 
Third,  tha  Meaureaent  muat  be  perforaed  In  a  vaeina  and  thua  la  Halted  to 
tboae  aatarlala  which  have  low  vapor  preaaurta.  The  aame  diffioultlas  that 
wore  mentioned  under  dlffvmlvlty  aMaureaente  would  ariae  If  aa  Inert  fai  or  a 
aolld  inaulatlon  were  need  to  prereat  the  deooapoaltlon. 

In  principle,  a  theraal  guard  oould  be  placed  around  the  aaaple  to 
prevent  hedt  leaka.  Suoh  a  guard  would  alao  peraLt  filling  tha  apparatue  with 
an  Inert  gaa  to  prevent  volatilization.  lowaver.  It  would  be  more  difficult  to 


niBtcb  the  guerd  la  the  ub\s1  aheolute  apparatoa  for  the  ■aasuregnnt  of  thexaal 
conductivity. 

Small  Area  Contacta 

The  method  of  email  area  contacts  takas  advantage  of  the  fact  that 
for  a  small  metal  contact  enftsedded  In  a  material  and  heated  or  cooled  slightly 
from  ambient  te]ig)erature,  the  radiation  losses  are  negliglhle.  A  typical 
arrangement  Is  shown  In  71g.  8.  It  consists  of  the  sample  mounted  on  a 


conducting  plate  and  the  small  probe  which  forms  the  small  area  contact  fused 
Into  the  sample.  In  operation,  a  constant  DC  voltage  V  Is  applied  between  the 
probe  and  the  saiiq;>le.  After  a  steady  state  equilibrium  Is  established,  the 
voltage  Is  removed  and  the  Seebeck  emf  5V  Is  measured  before  It  decays  signifi¬ 
cantly.  For  small  TZ,  this  emf  Is  related  to  the  figure  of  merit  by  the  eqwtion 

BV  «  TZ  •  V  +  ~  • 


Homally,  BV  Is  measured  with  equal  positive  and  negative  applied  voltages, 
and  TZ  and  Z/a  calculated  by  the  simple  expressions 


TZ 


and 


Z 

a 


6V^  +  BV 


When  TZ  ~  1,  the  Seebeck  emf  BY  will  be  comparable  to  V  and  the 
equation  for  8Y  must  be  replaoed  by  the  ejqpreseloa 

BY  -  TZ  (Y  -  8Y)  ♦  g  (Y-BV)* 

and  this  simple  quadratlo  equation  must  be  solved  to  obtain  TZ  and  Z/a. 


Tb«  pzttctieftl  problflM  IniolTtd  in  thn  dattrttLnntioa  of  TZ  by  thin 
Mthed  nr*  dlrootly  iatolvad  with  tho  Mill  tarn  eoatiat  ithdlf .  fiM  «Uy 
teaperntur*  gr«dl«ht«  and  Tolta^  gradlonti  la  tba  taapl*  art  la  tho  -vicinity 
of  tha  contact  and  tba  largaat  fradlanta  are  at  tho  contact  l-taelf.  Itadar 
-thaaa  coadltlons«  tha  TZ  -that  la  detandnad  la  that  of  tha  natarlal  in  tha 
-vicinity  of  tha  ooataet  and  prtjnrlly  that  of  tha  notarial  in  contact  with  tha 
mtiil  proba#  Thna  If  tha  proba  ahottld  raact  with  tha  wuqila,  ona  would  naaoura 
tba  propartlaa  of  tho  raactlon  produeta  and  not  thoaa  of  tha  bulh  natarlal.  If 
tha  proba  la  not  fuaad  Into  tha  aanpla  but  la  alagply  praaaad  agalnat  tha  ourfaoa 
In  ordar  to  mnlnlzo  raactlon  batwaan  tha  proba  and  tha  aa^plo^  tha  natbod  then 
■aaauraa  tha  auxfhca  propartlaa  of  tha  aanpla.  thaaa  mtf  %a  dlffarant  tnaa 
tha  bulh  propartlaa.  It  la  Inpoaalbla  to  ellalnata  thaaa  affac-ta  other  than 
by  tha  upa  of  a  proba  natarlal  which  doaa  not  raact  with  tha  aanpla«  ainca  It 
la  juat  thoaa  larga  gradlanta  In  tha  vicinity  of  tha  con-tact  that  naka  tha 
radiation  loaaaa  nagUglbla. 

Thua  a  najor  objactioh  to  tba  anall  area  contact  nathod  la  that  one 
la  not  aura  a  priori  what  notarial  one  la  i^aurlng. 


Scientific  Paper  62-I21-U58-PI 


June  19,  1962 


THE  THERMAL  CONDUCTIVITY  OF  MOLTEN  CUgS^  AND  MOLTEN  CUgS 

by 

E.  W.  Johnson  and  R.  L.  Readal 


WESTINGHOUSE  RESEARCH  AND  DEVELOPMENT  CENTER 
Pittsburgh  35>  Pennsylvania 


THE  THERMAL  CONDUCTIVITY  OF  MOLTEN  Cu-S.  -^Te.  AND  MOLTEN  Cu„S 

d  0.0  0.  r?  d 

by 

E.  W.  Johnson  emd  R.  L.  Readal 
ABSTRACT 

A  promising  liquid  thermoelectric  material  for  power  conversion  applications 
at  temperatures  above  1000®C  is  molten  Cu^S^  25^®0  75’  by  J.  W.  Johnson 

of  Stanford  Research  Institute.  For  measuring  the  thermal  conductivity  of  this 
material,  the  apparatus  previously  used  for  determining  the  thermal  conductivity 
of  molten  CUgS  was  modified  and  employed.  Improved  stability  of  the  specimen 
temperature  pattern  resulted  from  the  use  of  a  simple,  sensitive  automatic  circuit 
for  stabilizing  the  25-100  kw  power  of  the  graphite  resistance  heater.  Other 
modifications  improved  the  versatility  and  accuracy  of  the  results.  Corrections 
for  systematic  errors  were  evaluated  in  special  tests.  The  thermal,  conductivity, 
k,  of  molten  Cu„S^  vq  1040  to  1310*C  was  found  to  obey  the  relation 

k  (watt/cm  deg)  =  -0.0326  +  4.50  x  10~^  T("C). 

The  estimated  error  is  -20^. 

Application  of  the  corrections  to  the  data  for  the  thermal  conductivity 
of  molten,  copper-rich  cuprous  sulfide  at  1100  to  l630"C  yielded  the  relation 

log^Qk  (watt/cm  deg)  =  0.306  -  3190/t(“K). 

These  thermal  conductivity  values  are  lower  than  those  for  molten  CUgS^  25^®0  75 
by  0.007  watt/ cm  deg,  while  the  measured  electrical  conductivities  differ  by  about 
240  ohm  ^cm"^.  The  product  of  absolute  temperature  and  the  thermoelectric  figure 
of  merit  of  molten  Cu_S-  ^i-Te-  as  determined  by  combining  the  electrical 
properties  subsequently  measured  at  Stanford  Research  Institute  with  the  thermal 
conductivity  data  reported  in  this  paper,  is  0.62  at  1100*C. 


THE  THERMAL  CONDUCTIVITy  OF  MOLTEM  CUgS^  g^Te^  AND  MOLTEN  CUgS 

by 

E.  W.  Johnson  and  R.  L.  Readal 

Westlnghouse  Research  and  Development  Center 
Pittsburgh  35,  Pennsylvania 

There  is  interest  in  using  liquid  semiconductors  for  thermoelectric 
energy  conversion  at  temperatures  above  1000* C.  Possible  materials  for  these 
applications  have  been  studied  by  Derge,  et  slL  (l,2,3,lt).  Liquid  semiconductors 
related  to  molten  CUgS  are  of  particular  interest.  A  promising  such  material 
is  molten  CUgS^  25^®0  75^  developed  by  J.  W.  Johnson,  et  eLL  (5).  For  this 
material  at  1200*C,  Johnson  has  given  the  Seebeck  coefficient,  ,  as  170  yitv 
per  deg  C  and  the  electrical  conductivity,  as  65O  ohm”^cm"^.  In  the  present 
paper  we  report  experimental  measurements  of  the  thermal  conductivity  of  this 
material  at  lO^vO  to  1310"C.  The  paper  also  presents  corrected  data  for  the 
thermal  conductivity  of  molten  copper-rich  cuprous  sulfide  at  1100  to  l630“C. 


Major  elements  of  the  thermal  conductivity  apparatus .  The  apparatus 
and  techniques  for  determining  thermal  conductivities  of  liquid  semiconductors 
at  tenq)eratures  from  1000  to  l800*C  have  been  described  (6).  We  give  here  a 
brief  summary  of  the  method  used  in  the  present  experiments.  Figure  1  shows 
the  primary  elements  of  the  apparatus.  The  liquid  specimen  is  in  contact  with 
both  the  5- inch-diameter  container  and  an  immersed  lid,  both  of  grade  AUC 
graphite.  Heat  is  supplied  radiantly  from  above  by  a  flat  graphite  resistance 
heater.  The  heat  is  conducted  through  the  specimen  and  radiated  from  the  con¬ 
tainer  bottom  to  a  graphite  radiation  shield,  >dxich  reradiates  the  heat  to  a 
water-cooled  metal  plate  (not  shown).  The  tenqjeratures  of  the  lid,  container, 
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and  shield  (or  receiver)  are  determined  with  a  micro-optical  pyrometer  sighted 
onto  the  bottoms  of  small  blind  holes  In  the  respective  members.  These  tem¬ 
peratures  are  used  to  determine  both  the  specimen  temperat\ire  drop,  AT,  and 
the  thermal  flux,  F,  for  use  In  the  relation 

k  -  F  Ax/ AT  (1) 

In  \dilch  k  Is  the  thermal  conductivity  and  Ax  Is  the  specimen  thickness.  The 
flux  Is  coatputed  from  the  Stefan-Boltzmann  equation  using  the  container  bottom 
and  shield  teiiq>erature8  and  knovn  values  of  the  emlsslvlty  of  the  graphite. 

The  dashed  outline  In  Fig  1  represents  an  optional  graphite  radiation 
shield  between  the  container  bottom  and  the  regular  shield.  This  optional 
shield  was  used  In  a  few  experiments  for  reducing  the  thermal  conduction  flux. 

The  left  and  right  sides  of  Fig  1  are  not  Identical  In  order  that  more 
than  a  single  radial  section  can  be  shown.  The  lid  support  was  electrically 
Insulated  from  the  container  support.  The  former  Is  shown  on  the  left  side  of 
Fig  1,  and  the  latter  Is  on  the  right.  Two  lids  having  different  diameters  of 
their  respective  Immersed  portions  were  used.  The  left  side  of  Fig  1  represents 
the  larger- diameter  lid,  which  had  an  Immersed  diameter  of  4-1/2  Inches;  this  lid 
had  been  used  In  the  measurements  on  Cu^S  (6).  The  Immersed  diameter  of  the 
smaller  lid,  represented  on  the  right- hemd  side  of  Fig  1,  was  3-7/9  Inches. 

The  Inside  diameter  of  the  container  was  4-7/8  Inches.  The  specimen  thickness 
was  varied  by  changing  the  relative  heights  of  the  container  and  lid  on  their 
threeuled  graphite  support  legs.  Both  the  deep  and  the  shallow  pyrometer  sighting 
holes  In  the  lid  were  aligned  beneath  the  central  slot  of  the  graphite  resistance 


heater 
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Automatic  staiblllzatlon  of  heater  pover.  The  thermal  conductivity  data 
for  molten  CUgS  vere  scattered  due  to  variations  of  the  heater  pover  with  line 
voltage  fluctuations  and  vlth  slover,  thermally  caused  changes  of  the  heater 
resistance.  To  eliminate  these  difficulties,  ve  used  the  device  In  Fig  2  for 
stabilizing  the  d.c.  power  of  the  graphite  resistance  heater.  The  device  senses 
and  automatlcedly  corrects  for  deviations  of  the  pover  from  a  preset  norm.  Such 
deviations  may  be  approximated  as  dlfferentled  quantities.  Thus,  If  the  heater 
current  Is  I  and  the  potential  drop  Is  E,  the  requirement  that  the  pover  remain 
constant  Is  satisfied  If 


IdE  +  EdI  -  0.  (2) 

A  potential  Vj  proportional  to  I  Is  obtained  from  a  suitable  shunt,  and  a 
potential  V_  proportional  to  E  Is  obtained  from  a  voltage  divider.  The  latter 
Is  adjustable  to  permit  Vj,  to  be  set  equal  to  Vj  at  each  power  setting.  Eq  (2) 

Is  then  simplified  to 

dVj.  +  dVj  -  0.  (3) 

The  difference  signals  dVj,  and  dV^  sure  obtained  from  and  Vj,  respectively, 
with  the  aid  of  bucking  potentiometers.  The  algebraic  addition  of  the  difference 
signals  Is  performed  by  a  "Sigma"  Magnetic  Amplifier  Relay  having  two  Input  colls 
and  a  polarized  relay  output.  The  output  signals  actuate  a  motor  that  turns  the 
ciirrent- adjustment  shaft  of  one  of  the  Westlnghouse  RA  rectifier  welders  consti¬ 
tuting  the  main  power  supply.  The  sensitivity  of  response  to  power  fluctuations 
Is  -0.5^t  and  can  be  in5)roved  to  ^O.ljt  by  the  use  of  lower- resistance  bucking 


potentiometers . 


It 


The  precision  of  the  experimental  data  was  significantly  Inproved  as  a 
result  of  stabilization  of  the  heater  power.  Of  each  group  of  ten^erature 
readings  at  a  given  power  level,  the  maximum  deviations  from  a  mean  value 
were  usually  or  less. 

Experimental  accuracy  of  measuring  Ax  and  AT.  The  previous  paper  (6) 
reported  that  the  xincertalnty  of  the  thermal  conductivity  measurements  on 
molten  CU2S  was  -2^$,  A  major  effort  was  subsequently  made  to  Isqprove  the 
accviracy  of  the  experimental  measurements.  To  determine  Ax,  gauge  blocks 
were  used  for  adjusting  the  specimen  thickness  space  between  the  container 
and  the  lid,  and  after  each  run  the  frozen  specimen  thickness  was  measured 
with  a  micrometer.  A  shrinkage  correction  was  obtained  by  comparing  the 
diameters  of  the  frozen  specimen  and  the  container.  Agreement  of  the  two 
thickness  measurements  was  within  -0.01  Inch. 

For  the  determination  of  AT,  pyrometer  readings  were  taken  on  the 
bottoms  of  the  two  blind  holes  of  different  depths  In  the  lid  and  extrapolated 
to  yield  the  teiiQ)erature  of  the  Interface  between  the  specimen  and  the  lid. 

The  same  temperatxire  gradient  was  used  for  determining  the  lower  Interface 
tenqperature  from  the  pyrometer  ree^ng  of  the  blind  hole  In  the  container 
bottom.  A  correction  Is  required  for  the  fact  that  the  spectral  emlsslvltles 
of  the  pyrometer  measurement  holes  are  not  quite  unity,  as  well  as  for  the 
possible  tengperature  discontinuities  at  the  Interfaces  between  the  molten 
specimen  and  the  respective  graphite  members.  The  former  correction  was 
eval\iated  In  an  experiment  on  a  solid  graphite  disc  \diose  thickness  was  the 
same  as  the  combined  thicknesses  of  the  lid  and  the  container  (corresponding 
to  a  liquid  specimen  thickness  of  zero)  and  having  pyrometer  sighting  holes 
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In  the  top  and  bottom  Identical  to  those  In  the  lid  and  container.  If  the 
hole  emlsslvltles  had  been  unity,  the  values  of  AT  obtained  from  the  respective 
pyrometer  readings  would  have  been  zero.  The  AT  values  actually  measured  were 
5*  at  10^^5*C,  7.5*  at  1315*C,  and  10. 5*  at  1510*C.  These  may  be  used  as  cor¬ 
rections  applicable  to  the  experl  mentally  determined  values  of  AT  for  the 
pyrometer  sighting  hole  spectral  emisslvlty  effect. 

The  possibility  of  ten^rature  discontinuities  at  the  specimen- graphite 
Interfaces  was  examined  In  experiments  on  a  nearly  Isothermal  "known"  specimen 
of  molten  copper  O.I96  Inch  thick.  The  apparent  values  of  AT  (uncorrected  for 
the  emisslvlty  effect)  were  as  high  as  22*  and  as  low  as  7*  In  the  temperature 
range  between  1100*  and  1550* .  They  exhibited  no  systematic  trend  with  tem¬ 
perature,  but  the  AT  vsLLues  measured  after  cooling  the  specimen  were  often 
lower,  by  as  much  as  l4*,  than  those  measured  after  heating.  At  the  thermal 
flux  values  of  the  experiment,  AT  across  the  molten  copper  specimen  was  com¬ 
puted  from  electrlcsLl  conductivity  data  (7)  with  the  aid  of  the  Wledemann-Franz 
law  to  be  3*  at  1100*C  and  6*  at  I5OO* .  Adding  the  emisslvlty  correction  yields 
8.5*  at  1100*  and  16.5*  at  15OO*  as  the  expected  measured  values  of  AT  If  no 
Interface  ten^rature  discontinuity  exists.  The  measured  AT  values  were  such 
that  the  combined  Interfaclal  discontinuities  could  be  assigned  values  up  to 
12*.  An  average  correction  of  -10*  for  AT  was  adopted  to  condensate  for  both 
the  emisslvlty  and  Interface  effects.  This  correction  Is  \uicertaln  to  -8*, 

\dilch  Is  also  the  uncertainty  of  the  final  AT  values. 

The  thickness  of  the  frozen  copper  specimen  was  measured  after  each  run 
to  yield  the  relation  between  the  molten  specimen  thickness  and  the  spacing  of 
the  container  and  lid  at  room  temperature,  using  data  for  the  thermal  expansivity 
of  copper  (8).  The  resulting  estimate  of  the  thickness  uncertainty  Is  -O.OO6  Inch. 
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Determination  of  the  thermal  conduction  flux.  The  thermal  conduction  flux 
through  the  specimen  Is  determined  from  the  steady- state  radiant  heat  fl\uc  from 
the  container  bottom  to  the  graphite  shield  Immediately  below  It.  The  latter 
flux  Is  coii5)uted  from  the  temperatures  of  the  respective  graphite  members  by 
application  of  the  Stef an- Boltzmann  law.  The  graphite  emlsslvlty  values 
eo^loyed  were  those  of  Jain  and  Krlshnan  (9).  Plunkett  Jind  Klngery  (lO)  have 
shown  that  the  Integrated  emlsslvlty  of  grade  AUC  graphite  Increases  with  sur¬ 
face  roughness.  Their  data  bracket  those  of  Jain  and  Krlshnan  with  good  agree¬ 
ment  at  1600  to  l800"C  In  the  case  of  the  roughest  samples.  Both  studies  showed 
that  the  total  emlsslvlty  of  each  sample  Increases  with  temperature.  Since  our 
graphite  surfaces  were  quite  rough,  their  emlsslvltles  may  have  been  higher  than 
those  of  Jain  and  Ift’lshnan  by  up  to  lO^t.  The  estimated  uncertainty  of  the  radiant 
heat  flxix  determination  Is  -10^. 

As  a  check  on  the  possibility  of  thermal  flux  divergence,  steady-state 
teiiq;>erat\ire  measurements  were  made  on  the  eispty  specimen  container  and  lid.  The 
thermal  flux  through  the  specimen  space,  was  then  \rtiolly  radiative.  This 

flux  and  that  between  the  container  bottom  and  the  shield,  conform  to  the 

relation 

^tb  Sb^’^t  ■  "^b  ^  n.\ 

-  ■  - E - T" 

^r  -  ^r  > 

In  which  T^  Is  the  absolute  teo^rature  of  the  bottom  surface  of  the  lid,  T^  Is 
the  container  bottom  ten^erature,  T^  Is  the  shield  ten^erature,  and  and 

Sr 


are  the  effective  emlsslvltles  of  the  lid- container  and  container- shield 
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combinations,  respectively.  The  latter  emlsslvlties  are  defined  by,  for  example. 


(5) 


in  which  €  Is  the  emisslvlty  of  the  graphite  at  the  lower  lid  surface  tem- 
perature  and  is  that  at  the  container  bottom  temperature.  Since  e  increases 
with  teii5)erature  It  Is  cleau:  that  “lust  exceed  unity.  At  the  graphite 

ten^teratures  of  our  experiments,  the  values  of  this  ratio  computed  from  the 
emlsslvlties  of  Jain  and  Krlshnaui  were  1.0375  -0.0015  vrtien  the  optional  shield 
was  used,  and  1.060  -0.002  when  it  was  absent. 

The  quantity  (T^^  -  T^^)/(T^^  -  consists  entirely  of  measiured 

temperatures  and  Is  equal  to  r^tb  *  study  of  molten  CUgS  we 

assumed  that  the  radiant  heat  flvix  between  the  container  bottom  and  the  shield 
was  the  same  as  the  conduction  flux  through  the  specimen,  or  that 
Hence,  would  have  to  exceed  unity.  We  find  experimentally, 

however,  that  It  is  between  0.79  0.99*  Since  the  emissivity  of  the  graphite 

probably  does  not  decrease  with  rising  temperature,  we  must  conclude  that  F^^  is 
smaller  than  F  ,  .  This  is  probably  true  whether  the  specimen  space  is  filled, 
and  the  heat  transmission  is  by  conduction,  or  \diether  it  is  en^ty  and  the  heat 
flow  is  by  reuUatlon.  The  heat  flow  paths  in  the  two  cases  should  be  most 
nearly  the  same  idien  the  respective  graphite  member  tenq>erat\u'es  are  the  same, 
or  \dien  the  liquid  specimen  thickness  is  such  that  T^,  T^  and  T^  are  closest 
to  the  values  observed  when  the  container  is  empty.  A  correction  for  the  flvix 
divergence  effect  may  then  be  obtained  from  the  test  data  presented  in  Table  1. 
The  sequence  of  these  data  is  that  obtained  experimentally,  and  their  form  is 
the  same  as  that  of  the  actual  thermsLl  conductivity  measurements,  where 
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\  -  (Tt  +  TJ/2 


(6) 


AT  =  T.  -  T, 
t  D 


and 


R 


T, /T  . 
b'  r 


(7) 

(8) 


(Due  to  the  temperature  gradient  in  the  container  bottom,  the  value  of  in 

Eq.  (8)  is  slightly  smaller  than  that  in  Eqs  (6)  and  (7).  This  difference  has 

been  accounted  for  in  the  table.)  In  Table  I  the  measured  values  of  /e, 

'  tb  br  or  tb 

are  given  as  a  function  of  T  .  We  assume  that  the  Jain  and  Krishnan  values  of  e 

ZQ 

are  correct  or  that  is  either  1.060  or  1.0375*  The  resulting  values  of 

Ftb/F^r  constitute  a  correction  factor  by  means  of  which  the  conduction  flux  can 
be  conqiuted  from  the  experimentally  determined  values  of 

An  additional  correction  for  divergence  of  the  thermal  flux  through  the 
specimen  is  required  by  the  fact  that  the  diameter  of  the  lid  is  smaller  than 
that  of  the  container.  This  flux  divergence  could  not  have  occurred  in  the 
tests  with  the  en^ty  container  and  lid.  The  correction  was  evaluated  by  com¬ 
paring  preliminary  values  of  k  from  runs  with  both  the  small-  and  the  large- 
diameter  lids,  as  will  be  explained.  The  result  was  In  the  case  of  the 
large-diameter  lid  and  +13^  In  the  case  of  the  small  lid. 

The  uncertainties  of  the  correction  factors  for  thermsJ.  flux  divergence 
are  estimated  as  -10^  and  respectively.  Since  the  emlsslvlty  uncertainty 

Is  -10^,  the  error  of  determining  the  thermeLL  conduction  flux  through  the 
specimen  Is  estimated  as  -15^* 
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Results 

CUgSo  25^60  A  4- Inch-long,  1100-g  cylindrical  ingot  of  CUgS^  25'^®0  75 
was  received  from  J.  W.  Johnson.  The  initial  electrical  properties  of  this 
material,  as  measvired  by  Johnson  (ll),  were:  a  =  +172  ^v/deg  C  at  1100*C  and 
167  at  1200®;  o’  =  61+5  ohm"^cm"^  at  1100*  and  65O  at  1200°. 

The  ingot  was  remelted  and  cast  under  argon  in  a  graphite  crucible  having 
the  same  bottom  contour  as  the  specimen  container  (Fig.  l)  and  situated  in  the 
space  normally  occupied  by  the  specimen  assembly  beneath  the  graphite  resistance 
heater  of  the  thermal - conductivity  apparatus.  The  resulting  casting  was  in  the 
form  of  a  disc,  vrtilch  was  broken  through  the  center  to  form  two  nearly  equal-size 
speclmensj,  A  and  B.  These  were  remelted  and  cast  in  the  crucible  to  form  specimen¬ 
shaped  discs.  After  four  measurement  runs  on  Specimen  A  and  three  on  B,  a  "thick" 
specimen  was  made  by  combining  A  with  1+0%  of  B  in  the  crucible,  eind  the  remainder 
of  B  became  a  "thin"  specimen.  The  results  of  all  runs  are  listed  in  Table  II, 
where  k'  represents  the  preliminary  or  uncorrected  thermal  conductivity  values 
determined  in  the  same  way  as  the  previous  results  for  molten  CUgS  (6). 

The  k'  values  were  corrected  in  three  stages  to  yield  values  of  the  thermal 
conductivity  k.  First,  a  correction  of  10*  was  subtracted  from  each  AT  value 
listed  in  the  table  and  k'  was  recomputed.  Next,  the  factor  obtained 

from  a  plot  of  the  values  listed  in  Table  I,  and  this  was  multiplied  by  k' .  The 
results  were  plotted  against  (lid  diameter/ container  diameter)  and  extrapolated 
to  unity  to  determine  the  correction  factor  for  divergence  of  the  thermal  con¬ 
duction  flux  within  the  specimen.  This  factor,  which  was  found  to  be  1.05  in  the 
case  of  the  large  lid  and  1.13  in  the  case  of  the  small  lid,  was  multiplied  by  the 
corrected  k'  values  to  yield  the  final  values  of  k.  These  are  listed  in  Table  II. 
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Each  measurement  run  consisted  of  three  to  five  steps.  In  each  of  which  a 
thermal  steady  state  was  maintained  while  the  temperatures  of  the  lid,  container, 
and  shield  were  measured  In  turn  several  times.  In  some  runs  the  measured  value 
of  k  was  found  to  be  consistently  higher  after  cooling  the  specimen  than  after 
heating  It.  This  thermal  hysteresis  effect  was  strongest  at  the  lowest  tem¬ 
peratures  In  the  absence  of  the  optional  shield,  being  manifested  as  a  lack 
of  reproducibility  of  AT.  The  same  effect  was  seen  In  the  tests  on  molten 
copper.  The  values  of  k  measiu:"ed  after  heating  were  graphically  averaged  with 
those  after  cooling  to  yield  the  values  of  k  considered  to  be  the  most  probable. 
The  largest  deviation  from  this  average  was  -10^. 

A  plot  of  the  results  of  all  twelve  measurement  runs  is  presented  In 
Fig  3»  For  the  preparation  of  this  graph,  a  plot  of  k  against  T^^  was  first 
made  for  each  run.  All  but  two  such  plots  could  be  satisfactorily  represented 
by  straight  lines.  A  pair  of  locations  on  and  near  the  ends  of  each  line  was 
then  selected  and  replotted  as  the  points  in  Fig  3*  (If  the  original  plot  was 
not  linear,  three  representative  points  were  taken. )  The  points  in  Fig  3  thus 
represent  the  extremities  of  the  plotted  lines  resulting  from  the  various  runs. 

It  is  clear  that  the  measured  values  of  k  from  four  of  the  runs  are 
significantly  lower  than  those  from  the  other  eight.  The  latter  consisted  of 
all  runs  with  the  thin  and  medium- thickness  specimens  and  with  the  regular 
receiver  shield.  The  straight  line  in  Fig  3  represents  only  these  data,  its 
equation  being 

k  (watt/ cm  deg)  =  -0.0326  +  4.50  x  lO"^  T(*C).  (9) 

Of  the  four  nms  yielding  k  values  below  the  line,  two  were  with  the 
thick  specimen  and  the  other  two  were  with  the  optional  shield.  In  all  four 
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cases  AT  was  larger  than  It  had  been  In  the  corresponding  tests  on  the  eiiQ>ty 
container  and  lid,  smd  therefore  the  values  of  the  flux  divergence  correction 
en5)loyed  may  have  been  incorrect.  On  the  other  hand,  the  values  of  AT  and  R 
obtained  in  the  tests  with  the  enqpty  container  and  lid  and  with  the  regulau: 
shield  are  bracketed  by  the  data  on  the  thin  and  medium- thickness  specimens. 

This  is  the  main  reason  for  our  drawing  the  line  in  Fig  3  to  represent  only 
the  latter  data. 

Following  the  thermal- conductivity  measurement  runs,  the  thin  specimen 
was  returned  to  J.  W.  Johnson  for  remeasurement  of  its  electrical  properties. 

The  results  (13)  indicate  that  both  the  electrical  resistivity  and  the  Seebeck 
coefficient  changed  significantly  while  the  sample  was  in  our  possession.  The 
final  resistivity  as  a  function  of  teii5)erature  is  represented  by  Johnson  as  a 
straight  line  between  4.1+5  milliohm  cm  at  1000*C  and  3»1  at  1200®.  The  corres¬ 
ponding  resistivity  Increase  (relative  to  the  initial  measurements)  is  a  factor 
of  2.8  at  1000*  and  2.0  at  1200*.  The  final  values  of  the  Seebeck  coefficient 
are  represented  as  varying  linearly  with  temperature  from  195  ^v/deg  at  1000* 
to  146  at  1200*. 

These  changes  of  the  electrical  properties  may  be  due  to  chemical  changes 
of  the  san^jle  in  the  thermal  conductivity  apparatus,  although  this  possibility 
has  not,  to  our  knowledge,  been  confirmed  by  chemical  analyses.  Of  more  practical 
concern  is  the  question  of  whether  the  thermal  conductivity  data  in  Table  II  are 
representative  of  the  sample  in  its  "initial"  or  its  "final"  condition.  From 
the  fact  that  there  is  no  discernible  trend  of  the  data  with  the  sequence  of 
the  measurements,  as  well  as  from  other  evidence  to  be  discussed,  we  must  con¬ 
clude  that  the  material  was  in  its  "final"  condition  at  all  times  during  these 


measxirements . 
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Corrected  data  for  the  thermal  conductivity  of  molten  CUgS.  The  values 
of  the  thermal  conductivity  of  molten  copper-rich  cuprous  sulfide  presented 
previously  (6)  vere  obtained  in  the  same  way  as  the  present  data  for  k' .  The 
large -diameter  lid  was  used  with  the  regular  shield  in  measurements  on  both  a 
thin  and  a  thick  specimen.  The  respective  corrections  are  now  applied  to  these 
k'  data,  and  the  results  are  presented  in  Table  III.  These  values  of  k  were 
plotted  against  T^.  In  the  temperature  range  common  to  both  liquids,  viz., 

1100  to  1300*C,  the  best  curve  through  the  points  was  below  and  essentially 
parallel  to  that  for  CUgS^^g^TeQ^^^,  the  difference  being  0.0070  watt/cm  deg. 
Below  1300  C,  then,  the  thermal  conductivity  of  molten  CUgS  is  represented  by 

k  (watt/cm  deg)  =>  -O.O396  +  4.50  x  lO"^  T(*C).  (lO) 

We  found  previously  (6)  that  the  data  over  the  temperature  range  1100  to 
1630’’C  were  best  represented  by  an  exponential  relation  of  the  form  of  Eq  (ll). 
The  corrected  data  were  replotted  as  log  k  against  1/T,  and  the  straight  line 
best  representing  them  had  the  equation 

log  k  (watt/cm  deg)  =  O.306  -  3190/t(*K).  (ll) 


Discussion 

Acceptance  of  the  present  thermal  conductivity  values  depends  upon  the 
accuracy  of  the  experimental  measurements  of  Ax,  AT,  and  F.  The  thickness  Ax 
is  easily  measured  and  is  known  to  remain  constant  within  small  limits.  The 
range  of  observed  values  of  AT  was  I53  to  409*  iii  the  case  of  the  molten  speci¬ 
men  materials,  while  the  tests  with  molten  copper  yielded  AT  values  as  low  as  7*« 
The  latter  values  were  used  in  the  formulation  of  a  subtractive  correction  to 
yield  final  values  of  AT  of  accuracy  comparable  to  that  of  Ax. 
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In  the  determination  of  the  thermal  conduction  flux,  F,  the  en^jloyed  values 
of  the  total  emlssivlty  of  the  graphite  may  be  in  error  by  as  much  as  lO^t.  Another 
uncertainty  originates  from  the  divergence  of  the  heat  flux  both  within  the  speci¬ 
men  and  in  the  radiation  space  between  the  container  bottom  and  the  shield.  The 
correction  for  the  latter  divergence  is  as  high  as  31^t.  All  of  these  corrections 
are  in  such  a  direction  as  to  cause  k  to  exceed  k' .  The  uncertainty  of  the  final 
k  values  is  estimated  as 

The  thei-mal  and  electrical  conductivities  are  related  to  each  other  through 
the  Lorenz  nxomber,  L,  defined  by 

k  =  <tLT.  (12) 

0  2  2 

The  value  of  L  found  in  metals  is  approximately  2*5  x  10"°  volt  deg"  . 

Considerably  larger  values  of  L  may  occiu*  in  semiconductors  having  ambipolar 
conduction,  and  it  appears  that  molten  copper-rich  cuprous  sulfide  is  such  a 
material.  Its  electrlceQ.  conductivity  rises  with  temperatiore  at  a  rate  con¬ 
sistent  with  a  carrier  activation  energy  of  0.7  ev  (l).  Two  independent  measure¬ 
ments  of  the  electrlc£il  conductivity  of  this  material  (l,12)  have  yielded  an 
average  value  of  64  ohm'^cm"^  at  1200*C.  Since  our  measured  value  of  the 

thermal  conductivity  at  this  temperature  is  0.014  watt/ cm  deg,  the  apparent 

-8  2  -2 

Lorenz  number  is  14.5  x  10  volt  deg  .  Both  the  high  value  of  L  and  the 
fact  that  er  rises  exponentially  with  temperature  are  evidence  of  ambipolar 
conduction  in  molten  CUgS. 

Quite  a  different  situatior.  characterizes  molten  CUgS^  25^®0  75^  least 
in  its  "Initial"  condition.  There,  the  fact  that  the  temperature  coefficient 
of  the  electrical  conductivity  is  essentially  zero  (5,  11 )  is  evidence  that 
ambipolar  conduction  is  lacking. 


The  present  therml  conductivity  data  probably  apply  to  the  material  in 
only  its  "final"  condition  (13),  where  the  Seebeck  coefficient  decreases  and 
both  the  electrical  and  thermal  conductivities  increase  with  Increasing  tem¬ 
perature.  This  behavior  is  qualitatively  similar  to  that  of  molten  CUgS.  The 
apparent  activation  energy  derived  from  the  slopes  of  plots  of  both  log  O'  and 

log  k  against  ’./T  Is  O.36  -  O.OU  ev.  The  calculated  Lorenz  number  is  4.64  x  lO"^ 

P  — P  A 

volt  deg  at  1100*C  and  4.46  x  lO"  at  1200®.  The  fact  that  these  values  of  L 
seem  reasonable,  as  well  as  the  good  agreement  of  the  temperature  dependencies 
of  the  final  values  of  cr  and  k,  constitutes  additional  evidence  that  the  material 
was  in  only  its  "final"  condition  during  all  the  thermal  conductivity  measurements. 

The  product  of  the  thermoelectric  figure  of  merit,  Z,  and  absolute  ten^jerature, 
T,  is  equivalent  to  CK^/L.  The  thermal  conductivity  data  in  Pig  3  have  been  used 
by  J.  W.  Johnson  (13)  for  con^juting  values  of  ZT  of  molten  CUgSQ  25^*0  75 
conditions:  the  "InltisLL"  and  "final"  states  of  the  sample  examined  by  us  and  the 
"initial"  state  of  a  subsequently  prepared  sa]i5)le.  (The  latter  sample  hsid  essenti¬ 
ally  the  same  electrical  resistivity  as  had  the  previous  sample  in  its  initial 
state,  but  the  Seebeck  coefficient  was  lower  by  about  12  ^v/deg.)  Our  view  is 
that  two  of  Johnson's  three  computations  of  ZT  are  incorrect,  because  the  (as  yet 
unknown)  factors  responsible  for  decreasing  o  during  the  time  between  the  initial 
and  final  electrical  property  measurements  must  have  had  a  similar  effect  on  k. 

The  highest  ZT  value  proposed  by  Johnson  (13)  is  I.98  st  1000*C.  The  corresponding 

0  2  2 

Lorenz  ninnber  has  the  surprisingly  low  value  of  1.53  x  lO”  volt  deg  . 

From  the  available  data  we  conclude  that  a  valid  estimate  of  ZT  can  now  be 
made  for  only  the  material  in  its  "finsLL"  condition  in  the  ten5)erat\ire  range 
1070  to  1200®C.  The  results  are  O.69  at  1070®,  0.62  at  1100®,  and  0.48  at  1200®. 
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These  figures  axe  In  substantled  agreement  with  those  given  by  Johnson  (13)  for 
the  same  conditions. 

The  changes  of  properties  that  apparently  occurred  \rtille  the  material  was 
being  prepeured  by  us  for  measurement  In  the  thermal  conductivity  apparatus  are 
dismaying  and  should  be  further  Investigated.  Reliable  data  for  the  thermal 
conductivity  and  figure  of  merit  of  the  material  in  its  "initial"  condition 
would  be  especially  valuable,  since  these  quantities  are  almost  certainly  more 
favorable  than  the  existing  data  for  the  "final"  state.  The  measurements  may 
only  be  possible,  however,  after  the  response  of  the  material  to  its  environment 
at  high  temperatures  has  been  better  studied  and  controlled.  Since  the  design 
of  the  thermal  conductivity  apparatus  resembles  in  certain  ways  that  of  envisioned 
thermoelectric  generators  employing  liquids  at  temperatures  above  1000*C,  any 
improvement  of  this  apparatus  would  probably  benefit  also  the  final  generator 
design. 
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THE  THERMAL  CONDUCTIVITY  OF  MOLTEN  25^*0. ^5  ^  MOLTHI  CUgS 

E<  V.  Johnson  and  R.  L.  Readal 

Figure  Captions 

Fig  1  Specimen  Aasembly 

Fig  2  Diagram  of  automatic  d-c  power  regulation  system 

Fig  3  Thermal  conductivity  of  molten  CUgS^  25^*0  75 
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Table  1.  -Results  of  Test  Runs  on  Empty 
Specimen  Container  and  Lid 


Run  No., 

^m 

AT 

R 

^br 

Ftb 

Lid,  Shield 

(®C) 

(«>C) 

^tb 

Fbr 

Run  I 

1288 

188 

1.203 

0.886 

1. 195 

Lge.,  Reg 

1146 

179 

1.206 

0.837 

1.269 

Km 

197 

1.202 

0.925 

1. 146 

BE  9 

1. 197 

0.939 

1. 128 

1159 

177 

1.205 

0.857 

1.239 

Run  II 

135 

1. 107 

0.893 

1. 163 

Lge.,  Opt. 

1154 

126 

1. 107 

0. 828 

1.252 

1456 

137 

1. 109 

0. 991 

1.046 

Run  III 

121 

1. 106 

0.795 

1.307 

Lge.,  Opt. 

1142 

126 

■liH 

0.826 

1.257 

137 

0. 911 

1. 139 

1318 

119 

0.935 

1. 108 

131 

■■IM 

0.839 

1.237 
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Table  11.  -Results  of  Thermal  Conductivity  Measurements 
on  Molten  Cu2  Sq  25^*0.75 


Kun  NO., 
Specimen, 

^m 

AT 

R 

10  3k' 

103k 

Thickness, 

Lid,  Shield 

(®CI 

CO 

Iw/cm  deg.) 

(w/cm  deg. 

Run  1,  A 

1170 

244 

1. 183 

14.6 

19.9 

0. 73  cm, 

1250 

260 

1.181 

17.1 

22.7 

Lge,  Reg. 

1307 

255 

1.178 

20.7 

26.9 

1142 

226 

1. 179 

14.’ 

20.3 

Run  2,  A 

1078 

247 

1.173 

10.3 

14.6 

0.73  cm. 

1147 

240 

1. 182 

13.9 

19.1 

Lge.,  Reg. 

1224 

248 

1. 180 

16.7 

22.4 

1093 

229 

1. 184 

12.5 

17.6 

Run  3,  A 

1081 

266 

1. 173 

9.4 

14.2 

0.73  cm. 

1234 

267 

1. 176 

15.3 

21.9 

Sm.  ,Reg. 

1171 

250 

1. 179 

13.9 

20.3 

1085 

237 

1. 181 

11.5 

17.5 

Run  4,  B 

1144 

211 

1.194 

12.3 

18.3 

0. 53  cm. 

1217 

213 

1. 191 

15.1 

21.9 

Sm.,  Reg. 

1084 

195 

1. 198 

11.3 

17.4 

Run  5,  A 

1118 

190 

1.095 

10.4 

14.6 

0.70  cm 

1048 

181 

1.099 

9.1 

13.2 

Lge.,  Opt. 

11S2 

202 

1.094 

11.8 

16.1 

1280 

211 

1.096 

15.2 

19.6 

1127 

192 

1.094 

10.5 

14.7 

Run  6,  B 

1122 

181 

1.099 

11.6 

16.3 

0. 69  cm. 

1049 

176 

1. 101 

9.5 

13.9 

Lge.,  Opt. 

1252 

200 

1.096 

14.9 

19.6 

1197 

193 

1.096 

13.1 

17.7 

1126 

182 

1.097 

11.4 

16.1 

Run  7,  B 

1063 

243 

1. 172 

9.3 

13.2 

0.69  cm. 

1163 

233 

1. 181 

14.2 

19.4 

Lge.,  Reg. 

1248 

244 

1. 181 

17.4 

23.1 

1088 

224 

1.184 

11.9 

16.8 

Run  8,  Thick 

1184 

325 

1. 163 

12.9 

18.6 

1.01  cm. 

1106 

305 

1.158 

10.7 

15.9 

Sm. ,  Reg. 

1253 

348 

1. 161 

14.3 

20.1 

1189 

324 

1.163 

13.1 

18.9 

Run  9,  Thick 

1189 

336 

1. 162 

12.4 

17.8 

1.01  cm. 

1107 

324 

1.163 

10.0 

14.9 

Sm.,  Reg. 

1224 

337 

1. 164 

13.8 

19.7 

1188 

329 

1. 161 

12.7 

18.3 

Run  10,  Thin 

1158 

158 

1.208 

14.4 

20.2 

0. 39  cm. 

1074 

153 

1.211 

11.6 

16.9 

Lge.,  Reg. 

1269 

167 

1.206 

18.7 

25.1 

1233 

164 

1.205 

17.1 

23.3 

1125 

153 

1. 209 

13.6 

19.3 

Run  11,  Thin 

1156 

169 

1.208 

13.1 

19.7 

0. 39  cm. 

1058 

166 

1.214 

10.1 

15.8 

Sm.,  Reg. 

1267 

174 

1.204 

17.5 

25.3 

1224 

173 

1.206 

15.7 

23.0 

1122 

164 

1.209 

12.4 

18.9 

Run  12,  Thin 

1065 

164 

1.208 

10.4 

15.1 

0.40  cm. 

1131 

166 

1.205 

12.6 

17.7 

Lge.,  Reg. 

1211 

172 

1.202 

15.2 

20.8 

1116 

162 

1.205 

12.4 

17.6 

1068 

162 

1.209 

10.7 

15.5 
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Table  IllrCorrected  Results  of  Thermal  Conductivity 
Measurements  on  Molten  CU2S 

Run  No.,  - 

Specimen,  T^  AT  P  l(rk'  llrk 

Thickness  (®C)  (®C)  (w/cmdeg, )  (w/cmdeg. ) 
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Specimen  Assembly. 


Fig.  2  Diagram  of  oulomotic  d-c  power  regulotion  system. 


k  (w/cm  deg. ) 


